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ABSTRACT

Graphene-Supported Metal Nanoparticles For Applications in Heterogeneous Catalysis

By Hany Abdelmenem Abdelrahman Elazab, Ph.D.
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.
Virginia Commonwealth University, 2013.
Advisors:
B. Frank Gupton, Ph.D. Research professor and chair, Chemical and Life Science
Engineering, School of Engineering.
M. Samy El-Shall, Professor of Physical Chemistry, Chemistry Department, College of
Humanities and Sciences.
Due to its unique properties and high surface area, Graphene has become a good
candidate as an effective solid support for metal catalysts. The Nobel Prize in Physics for 2010
was awarded to Andre Geim and Konstantin Novoselov "for groundbreaking experiments
regarding the two-dimensional material graphene". Microwave-assisted synthesis of various
metallic nanostructured materials was investigated for CO oxidation applications. These metallic
nanostructured materials were used to convert CO to CO2 as an effective approach for carbon
monoxide elimination due to its harmful effect on health and environment.

In particular, this dissertation is focusing on palladium as a transition metal that has a
unique ability to activate various organic compounds to form new bonds. The prepared
graphene-supported metallic nanostructured materials were successfully used to investigate
Suzuki cross-coupling reaction as an important reaction in the field of pharmaceutical
applications. In this research, nanostructured materials were used as solid support catalysts which
showed remarkable improvements in the aspects of size, surface structure, catalytic selectivity,
shape and recyclability. The nano porous structure and superparamagnetic behavior of (Fe3O4)
nano particles that were used as an effective ingredient in graphene-supported palladium catalyst
improved the catalytic activity and the catalyst recyclability simply by using an external
magnetic field. This research has been divided into two main categories; the first category is to
investigate other metal oxides as a solid support for palladium to be used in CO oxidation
catalysis. The second category will focus on improving of solid support systems of palladium –
magnetite catalyst to increase recyclability. The final stage of this investigation will study the use
of these solid supported metal catalysts in continuous heterogeneous processes under flow
reaction conditions. The structural, morphological and physical properties of graphene-based
nanocomposites described herein were studied using standard characterization tools such as
TEM, SEM, X-ray diffraction, XPS and Raman spectroscopy.

CHAPTER 1

INTRODUCTION

1.1 Overview
It is now well established that nanoparticles (1-100 nm) exhibit unique chemical and
physical properties that differ from those of the corresponding bulk materials.1-3 The dependence
of the properties of nanoscale materials on the size, shape and composition of the nanocrystal is a
phenomenon of both fundamental scientific interest and many practical and technological
applications.4-7 These properties are often different, and sometimes superior, to those of the
corresponding bulk materials. The origins of the differences can be explained by the high
surface-to-volume ratio, dispersion factors and the quantum size effects unique to a specific
length scale.8 For example, semiconductor nanoparticles in the size range of ~1 to ~20 nm in
diameter (often called quantum dots) possess short-range structures that are essentially the same
as the bulk semiconductors, yet have optical and/or electronic properties which are dramatically
different from the bulk.8-9 The confinement of electrons within a semiconductor nanocrystal
results in the shift of the band gap to higher energy with smaller crystalline size. This effect is
known as the “quantum size effect”.8-12 In the strong confinement regime, the actual size of the
semiconductor particle determines the allowed energy levels and thus the optical and electronic
properties of the material.

1

The characterization of the unique properties of nanocrystals can ultimately lead to
identifying many potential uses and applications, ranging from catalysis, ceramics,
microelectronics, sensors, pigments, and magnetic storage to drug delivery and biomedical
applications.8, 13-14 The applications of nanoparticles are thus expected to enhance many fields of
advanced technology particularly in the areas of catalysis, chemical and biological sensors,
optoelectronics, drug delivery, and media storage.9, 15-24

1.2 Dissertation Outline
This dissertation is focused on the synthesis of functional graphene-based
nanocomposites of great promise for applications in energy conversion and storage, catalysis and
biomedicine. The next section of chapter 1 begins with brief background and literature review on
catalysis, graphene and different classes of nanostructures that is necessary for understanding
subsequent sections. Then the statement of research problem is described followed by the
objectives of our work. Chapter 2 presents a brief description of the instruments used in catalyst
synthesis, catalytic performance evaluation, and also the physical techniques used for
characterization and studying the properties of our graphene-based nanostructured materials.
This dissertation is divided mainly into two main parts; the first part is concerned with CO
oxidation catalysis applications as in chapters 3, 4, and 5. While the second part is concerned
with cross-coupling reactions applications as in chapters 6, 7, and 8.
In chapter 3, a microwave irradiation method for decorating iron oxide, cobalt oxide, and
nickel hydroxide with Pd nanocrystals of controlled size, shape, and crystalline structure was
described. Research in the nanocatalysis field is focused mainly on designing superior
nanostructured catalysts that are essential for many technological advances in chemical synthesis
and processing, environmental detoxification and improving air quality.
2

Chapter 4 details the microwave - assisted synthesis of Pd supported on iron oxide
nanocomposites prepared under flow reaction conditions and their use as heterogeneous catalysts
for the low-temperature CO catalytic oxidation.
Chapter 5 presents Pd based catalysts supported on shape controlled CeO2 and TiO2 for
low-temperature CO catalytic oxidation. This chapter is a kind of comparison between
previously prepared catalysts and other catalysts with different supports and also discussing the
fact that noble metal nanoparticles have received significant attention for decades because of the
feasibility to tune their electronic and optical properties by changing size, shape, composition or
dielectric environment.
In chapter 6, a general microwave-assisted synthesis for decorating graphene with both
Pd and magnetite nanocrystals under batch reaction conditions is outlined. This catalyst was used
as an efficient magnetically recyclable catalyst for Suzuki cross-coupling.
In chapter 7, the Pd – Fe3O4 supported on graphene catalyst that was prepared under
batch reaction conditions was tested for evaluating its catalytic activity performance under flow
reaction conditions.
Chapter 8 describes Laser Vaporization Controlled Condensation (LVCC) synthesis of Pd
– Fe3O4 supported on Graphene to be used in Suzuki cross-coupling reactions. This chapter is
discussing the fact that the interest in magnetic nanostructures and their composite materials,
with a special emphasis on magnetite, has increased over years owing to their potential
applications in electronics, optoelectronics, data storage industries, catalysis and biomedicine.
This chapter was a trial to prepare the same catalysts with physical methods as a comparison.
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1.3 CO Oxidation Catalysis in Environmental Applications
Carbon monoxide (CO) is a potentially fatal gas that is produced as a result of incomplete
combustion of a hydrocarbon such as petroleum or natural gas. CO can cause severe side effects
that include headache, fatigue, dizziness, sore throat…etc. Prolonged exposure can cause much
more serious symptoms and in some cases, death. With oxidation catalysis, carbon monoxide
removal is possible. Luckily, carbon monoxide removal is possible through the process of
catalysis.25 Hence, a large number of new catalysts for low temperature CO oxidation trials are
being developed to decrease pollution for environmental concerns.26-31 Oxidation catalysis
usually requires the use of transition metals such as gold, palladium, ruthenium, platinum,
iridium, or rhodium.32-33

All oxidation catalysts work the same way to transform carbon

monoxide into carbon dioxide, thus reducing or eliminating the potential risk of CO inhalation.3438

Bimetallic nanoalloys for CO oxidation and nanoporous magnetic iron oxide microspheres

have been successfully synthesized by the way of microwave heating.39-42 Besides iron oxides,
cobalt oxides were also investigated for environmental applications in CO catalysis. 43-47
The Sabatier principle is a qualitative concept in chemical catalysis named after the
French chemist Paul Sabatier. It states that the interactions between the catalyst and
the substrate should be "just right"; that is, neither too strong nor too weak. If the interaction is
too weak, the substrate will fail to bind to the catalyst and no reaction will take place. On the
other hand, if the interaction is too strong, the catalyst gets blocked by substrate or product that
fails to dissociate. The steps in any catalytic reaction would be generally as shown in Figure 1-1.

4

Figure 1-1 Catalytic reaction steps
So, reactants like carbon monoxide and oxygen as shown in Figure 1-2 are adsorbed on
the surface where diffusion of these reactants took place, then the reaction between oxygen
adsorbed on the reduced sites of the support and CO adsorbed on Pd at the metal–oxide interface.
Then, the diffusion of products on the surface would be followed by desorption of products.48

Figure 1-2 Catalytic CO Oxidation Reaction Steps*

* Nanomaterials Lectures, M. S. El-Shall
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1.4 Metal Catalyzed Carbon-Carbon Cross-Coupling
Metal catalyzed carbon-carbon bond forming reactions have rapidly become one of the
most effective tools in organic synthesis for the assembly of highly functionalized molecules. In
studying the evolutionary history of organic chemistry, it is easy to conclude that no other type
of reaction plays as large a role in shaping this field of science as carbon–carbon bond-forming
reactions. 49-50 During the second half of the 20th century, transition metals have come to play an
important role in organic chemistry which in turn led to the development of a large number of
transition metal-catalyzed reactions for creating organic molecules.
Transition metals have a unique ability to activate various organic compounds and
through this activation they can catalyze the formation of new bonds. One metal that was used
early for catalytic organic transformations was palladium. 51-54
In general, transition metals, and in particular palladium, have been of importance for the
development of reactions for the formation of carbon-carbon bonds. The development of
palladium catalyzed cross-coupling reactions represents one of the most significant
advancements in contemporary organic synthesis. In 2005 the Nobel Prize in chemistry was
awarded to metal-catalyzed reactions for the formation of carbon-carbon double bonds. In 2010
the Nobel Prize in chemistry is awarded to the formation of carbon-carbon single bonds through
palladium-catalyzed cross-coupling reactions. Due to its outstanding physical and chemical
properties; metal nanoparticles play an important role in many aspects of research ranging from
catalysis and biology to material science and green chemistry.

55-61

The advanced and unique

magnetic, electronic, and catalytic properties of the materials in the nanoscale attracted research
centers to investigate this area of science deeply. 4, 44, 62-65
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In the field of catalysis, separation of catalysts is a critical step especially in medical and
therapeutic applications and mainly in cross - coupling reactions.

45, 66-69

Issues associated with

homogeneous catalysis remain a challenge to pharmaceutical applications of these synthetic tools
due to the lack of recyclability and contamination from residual metals in the reaction product.
So, heterogeneous catalysis is the key for solving these problems.
The catalytic effect of magnetic nanoparticles was an important area of research due to its
huge industrial applications.

70-72

It is also remarkable that carbon materials have an increasing

importance in catalytic processes when used as catalyst supports but there is also an endless
effort to develop other kinds of supports like metal oxides.

47, 62, 73-80

Syntheses of nanoparticles

with variable sizes have been intensively tried particularly for magnetic iron oxides with namely
maghemite (α-Fe2O3) and magnetite (Fe3O4). 46, 81-88 These nanoparticles were used efficiently as
magnetic recoverable catalysts for various applications. 74, 89-96
Over the past decade, transition metal particles in nanoscale have been intensively
pursued as potentially advanced catalysts due to their unique properties lying between those of
single metal atoms and bulk metal. The accurate control of particle size and overall particle size
distribution is one of the most important challenges to provide new chemical and physical
properties. 72, 89, 97-98
When the nanostructured materials were used as heterogeneous catalysts by comparing
with traditional catalysts, the nanostructured materials showed special properties of nanoparticles
and new effects caused by nanostructured combination, with remarkable improvements in the
aspects of size, numbers of reaction active sites, surface structure, catalytic selectivity, and
shape.
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Thus, the nanostructured materials have great potential application in the field of
heterogeneous catalysis and have become the corner stone of materials science in the area of
heterogeneous catalysis especially in recent years.

56, 94, 99

Also, the nanoporous structure and

superparamagnetic behavior of (Fe3O4) nanoparticles make them ideal for powerful application
potentials in chemical, physical, biological, biomedical, and environmental engineering fields. 40,
61, 81, 84, 86, 92, 95, 100-103

Recently, the synthesis and applications of magnetic nanoparticles (MNPs)

have attracted more interest in catalysis research, and MNP-derived catalysts have been used in
industrially important reactions such as hydrogenation, hydroformylation, Suzuki-Miyaura and
Heck cross - couplings, and olefin metathesis. 66, 82-83, 104-105
It is well known that carbon - carbon and carbon-Heteroatom couplings are among the
most relevant processes in organic synthesis. These reactions act like a bridge to a wide range of
carbon-carbon and carbon-heteroatom couplings that find applications in many different areas
including pharmacy, agriculture, medicine, cosmetics and natural products. Nanomaterials in
general are important in many different areas, from basic research to diverse applications in
electronics, biochemical sensors, catalysis and energy. The nano-sized particles increase the
exposed surface area of the active component of the catalyst, hence enhancing the contact
between reactants and catalyst dramatically in a way similar to that of the homogeneous
catalysts. This has also led to some innovative ideas about the use of nanocatalysis for green
chemistry development including the possibility of using microwave heating with nanocatalysis.
30-31, 55, 68-69, 106-107

High catalytic activity, ease of recovery using an external magnetic field and

use of water as the solvent are additional eco-friendly attributes of this catalytic system.
88, 108

8

33, 65, 87-

Recently, researchers were focusing on the use of heterogeneous catalysis in conjunction
with micro reactor technology as a strategy that can facilitate a cleaner and scalable flow
methodology for organic synthesis. Specifically, transition metal catalysts such as palladium,
copper, ruthenium, and nickel are used on silica, carbon based, magnetic nanoparticles and
polymer supports. These catalysts have been investigated to promote a range of reactions
including Heck, Sonogashira, Suzuki, Kumada, olefin metathesis, and hydrogenation reactions.
62, 91, 93, 96, 109

Mechanism of the Suzuki reaction is best viewed from the perspective of the

palladium catalyst as shown in Figure 1-3. The first step is the oxidative addition of palladium to
the halide (2) to form the organopalladium species (3). Then, reaction with base gives
intermediate (4), which via transmetalation with the boron-ate complex (6) forms the organopalladium species (8). Finally, reductive elimination of the desired product (9) restores the
original palladium catalyst (1).110-111

Figure 1-3 General Mechanism of Suzuki cross-coupling reaction49
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1.5 Graphene as an Ideal Support
The carbon materials has an increasing importance in catalytic processes when used as
catalyst supports but there is also an endless effort to develop other kinds of supports like metal
oxides.47, 62, 73-80
The most exciting periods of scientific research are often associated with discoveries of
novel materials that introduce opportunities to solve scientific challenges. Such a period was
realized by the discovery of graphene in 2004.112 Graphene is a two-dimensional (2D) allotrope
of crystalline carbon. Its remarkable intrinsic features and electronic properties give graphene a
great deal of research interest in the present and the future. Despite its short history, graphene has
already revealed new physical and chemical properties to explore along with potential
applications in many technological fields such as nanocomposites, nanoelectronics, sensors,
batteries, supercapacitors and hydrogen storage.113
The recently reported properties and applications of graphene have sparked new
opportunities for future systems and devices. Graphene related investigations ranging from
fundamental studies to practical devices utilization have been the focus of many research
communities from various disciplines. Chemists are working on developing new methods to
synthesize processable graphene. Physicists are trying to understand and implement the new
graphene’s. Engineers are designing new systems and devices to make use of graphene's
extraordinary properties and biologists are working to introduce graphene into biomedical
diagnoses and treatments. The existence of such focused research and wide fruitful
collaborations makes the future of graphene extremely bright.
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1.6 Magnetic Nanoparticles Impact on Catalysis
Magnetic nanoparticles have attracted much interest in the field of medical and biological
applications such as magnetic resonance imaging, drug delivery, as well as in the field of
separation science.
Due to its outstanding physical and chemical properties, metal nano-particles play an
important role in many aspects of research ranging from catalysis and biology to material science
and green chemistry.55-61 The metal oxide nano catalysts is of great importance in improving the
thermal-catalytic decomposition performance.43, 103, 114 Pd nanocrystals absorbed on metal oxides
and bimetallic Ni-Fe alloys have been also studied for oxidation catalysis.6, 115-124
The advanced and unique magnetic, electronic, and catalytic properties of the materials in
the nano scale attracted research centers to investigate this area of science deeply.4, 44, 62-65
Syntheses of nanoparticles with variable sizes have been intensively tried particularly for
magnetic iron oxides with namely maghemite (α-Fe2O3) and magnetite (Fe3O4).46, 81-88
In the field of catalysis, separation of catalysts is a vital step especially in medical and
therapeutic applications and mainly in cross coupling reactions.45, 66-69 The catalytic effect of
magnetic nanoparticles was an important area of research due to its huge industrial
applications.70-72 These nano particles were used efficiently as magnetic recoverable catalysts
for various applications.74, 89-96

1.7 Statement of the problem
This dissertation gives an overview of the two main problems discussed in this
dissertation. This dissertation aims to present solutions for two main problems.
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The first problem is related to elimination of carbon monoxide to avoid its adverse effects
on environment and health. In this dissertation, different catalysts were prepared like: Pd-Fe3O4
Pd-Co3O4, Pd-Ni(OH)2 , these catalysts were developed by microwave-assisted synthesis under
batch reaction conditions and were tested for CO oxidation. Then, Pd-Fe3O4 catalyst was
developed by microwave-assisted synthesis under flow reaction conditions using a flow
microreactor known as Wavecraft’s One. The catalytic activity of that catalyst was evaluated
against CO oxidation. Also, some trials were done to prepare the different catalysts of palladium
supported on different shapes of supports like Ceria and Titania as a comparison study.
The second problem is concerned with the difficulty of catalyst separation from final
product and possible routes to solve this by using heterogeneous catalysis instead of
homogeneous catalysis and also by developing new magnetic catalysts which are easier to be
separated. Replacement of precious metal catalysts by catalysts tailored at the nanoscale with
base metals has the potential to improve chemical reactivity and reducing process costs. Issues
associated with homogeneous catalysis remain a challenge to pharmaceutical applications of
these synthetic tools due to the lack of recyclability and contamination from residual metals in
the reaction product. One of the major problems in catalysis is in the ability to effectively
conduct catalyst separations. In this dissertation, a magnetic catalyst of Pd-Fe3O4/G was
developed by microwave-assisted synthesis and was tested for Suzuki cross-coupling reactions
under batch reaction conditions and also the catalytic activity of that catalyst was evaluated
against Suzuki cross-coupling reaction under flow reaction conditions.
Also, some trials were done to prepare the same catalyst by physical method using Laser
Vaporization Controlled Condensation (LVCC) as a kind of comparison.
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1.8 Objectives and Technical Approach
The main objectives of this study are to explore different graphene-supported metallic
nanostructured materials used as catalysts and also investigate their catalytic performance in
catalysis applications to remove carbon monoxide as a critical environmental application and
also in carbon-carbon cross-coupling reactions; particularly Suzuki cross-coupling reactions.
More specifically, investigating the cross-coupling catalytic activity of graphenesupported palladium-magnetite nanoparticles which were prepared using hydrazine hydrate as a
reducing agent for palladium nitrate, iron nitrate, and graphene oxide under microwave heating.
The goal of this study is to synthesis the previously mentioned catalyst under batch
reaction conditions, then focus more on making use of heterogeneous catalysis in conjunction
with micro reactor technology applications as a strategy that can facilitate a cleaner and scalable
flow methodology for organic synthesis.
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CHAPTER 2

Characterization Techniques

2.1 Overview
Synthesis of different types of catalysts requires making use of various instruments and in
this chapter, an overview of the instruments that were used in this dissertation will be presented
briefly by showing the outlines, description, and theoretical background of these instruments.
Characterization of nanostructured materials and composites requires studying the size, shape,
morphology, composition, electronic, magnetic and optical properties, among others. To achieve
this, standard techniques and characterization tools such as UV-Vis spectrophotometry,
photoluminescence spectroscopy, transmission and scanning electron microscopy, X-ray
diffractometry and photoelectron spectroscopy, Raman and IR spectrometry in addition to
vibrating sample magnetometry are typically used. In this chapter, the experimental methods
used for characterization of our graphene-based nanostructured materials are described.

2.2 Instruments used in synthesis and catalyst evaluation
2.2.1

F21100 Tube Furnace
For the CO Catalytic oxidation, tests were carried out in a continuous fixed-bed quartz-

tube reactor Type F21100 Tube Furnace under ambient pressure. The sample temperature was
measured by a thermocouple placed near the sample. In typical experiment, a gas mixture
consisting of 3.5 wt. % CO and 20 wt. % O2 in Helium was passed over the sample while the
temperature was ramped. The gas mixture was set to flow over the sample at a rate of 100
cc/min. controlled via MKS digital flow meters.
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The conversion of CO-CO2 was monitored using an infrared gas analyzer (ACS,
Automated Custom Systems Inc.). All the catalytic activities were measured (using 25 mg
sample) after heat treatment of the catalyst at 110 ̊ C in the reactant gas mixture for 15 min. in
order to remove moisture and adsorbed impurities.

Figure 2-1 Schematic representation of typical set up used in CO catalytic oxidation*
2.2.2

CEM Focused Microwave™ Synthesis System
The CEM Focused Microwave™ Synthesis System, Discover, is designed to enhance the

ability to perform chemical reactions under controlled conditions on a laboratory scale. The
system facilitates either homogeneous or heterogeneous solution phase chemistry, solid phase
chemistry or chemistry conducted on solid supports.

* Lecture on CO Catalysis, Prof. Dr. M. S. Elshall, 2011.
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It accommodates vessels ranging in working volume from 5mL to 125mL for reactions
performed under atmospheric conditions and 10mL or 35mL vessels with septa in addition to 80
mL vessels for reactions performed at elevated temperatures and pressures. Primary uses of the
Discover are in the discovery and lead optimization phases of the new product development
process. Microwave energy is applied to the vessel contents (reactants, catalysts, salts, solvents
and/or solid supports) to accelerate the chemical reaction. The microwave absorption properties
of some liquid and solid materials, due to their polar and ionic characteristics, have the capability
to significantly enhance chemical reactions relative to traditional energy application (heating)
techniques. The microwave interaction properties with the reactants, intermediates, catalysts,
solid supports and salts provide unique opportunities for the synthetic chemists and chemical
engineers.

Figure 2-2 Discover System - Front View*
* Discover - S Class, CEM Corporation, 2006.
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2.2.3

Wave Craft CF-MAOS System
Continuous Flow Microwave-Assisted Organic Synthesis (CF-MAOS) is in many ways

performed like conventional (convective heating) continuous flow synthesis. The main
difference in this case is the speed of reaction, the simplicity in operating the system and the fact
that there is no thermal wall effect due to the lack of physical contact between the reactor and the
surroundings. Microwaves heat by a different mechanism than conventionally heated organic
reactions. Microwaves heat by perturbing ionic, dielectric and polar molecules. These molecules
will be subjected to a strong push and pull effect from the electric component of the microwave
electromagnetic field which changes direction with the frequency of the microwaves. The energy
in this motion is dissipated as heat to the surrounding molecules. The heating is often termed
“volumetric” as it happens everywhere in the heated volume at the same time. The Wave Craft
CF-MAOS system works with a broad range of solvents and reagents. It is simple to set up, so
experimenting with your own chemistry and optimizing conditions using simple design of
experiment models is likely to be the best way to discover how CF-MAOS works with your
reaction. Solvents propensity to absorb microwaves depend on ionic or dipolar properties. When
selecting a solvent for a specific reaction it is important to take into consideration the bulk
chemical properties of the whole reaction mixture flowing through the reactor. It is often
tempting to avoid polar solvents as they are poor microwave absorbers. However, in Wave
Craft’s experience it is feasible to perform reactions in polar solvents. They may heat slower, but
may reach temperatures far beyond their boiling points.
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Microwave-Assisted Organic Synthesis (CF-MAOS)
MAOS)*
Figure 2-3 Continuous Flow Microwave
Residence time is defined
fined as the time when the reaction mixture is in the reaction zone
exposed to microwaves. The residence time can be calculated using the following equation:
 

∗ ∗

2-1

Where: RT is residence time in minutes, L is the length of the reactor in millimeter, R is
the radius of the reactor in millimeter, F is the flow rate in micro liter per minute and π is 3.14.

* Wave Craft AB Company.
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The CF-MAOS system consists of a microwave generator, an applicator to transfer the
microwave energy to the reaction mixture, and a tubular borosilicate reactor in which the
reaction mixture passes through the applicator (Figure 2-3). The microwave generator consists
of a transistor-based two-stage microwave amplifier, powered by a 32 V, 20 A power supply,
and a controller unit that is connected to a computer and the IR temperature sensors in the
applicator. The generator contains an active cooling module using liquid coolant (tap water or
circulated coolant) and temperature sensors to prevent the amplifier from overheating. The first
stage of the amplifier generates the microwave power output and microwave frequency set in the
software. The second stage amplifies the signal to the determined level. The system is able to
generate from 0−150 W of output in a frequency range from 2.4 to 2.5 GHz, which is within the
allowed range for public use in microwave instruments. The microwaves are applied to the
reaction mixture in the tubular reactor by means of a helical antenna made of an Al−Cu material.
The axial-field microwave applicator is based on a novel design using a nonresonant structure
that suppresses mode patterns (standing waves) in the applicator, thus avoiding hot and cold
spots. As opposed to single and multimode applicators, the axial field applicator is not based on
the cavity resonator principle. In the axial field applicator the microwave field is generated in a
coil surrounding the flow reactor, allowing the microwave field to be concentrated axially inside
the coil. The coil is automatically tuned to maximize the heating in the reactor tube by changing
the frequency. Reactors of different sizes can be used by changing the length and diameter of the
coil in the applicator, allowing the optimization of reaction conditions such as residence time and
flow capacity. The physical shape of the antenna determines the homogeneity of the microwave
field. The reactor consists of a straight tube, made of microwave-transparent borosilicate glass.
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2.2.4

X-Cube continuous flow reactor
The X-Cube™ is a continuous flow reactor, capable of performing chemical reaction

under inert conditions, temperatures up to 200°C and pressures up to 150 bar. It has been
reported that carbon-carbon forming reactions are far more efficient on the X-Cube™ in
comparison to batch mode. In the typical standard protocol of the X-Cube™, the reaction
conditions, pressure, temperature and flow rate were set using the touch screen of the X-Cube™.
The reaction solvent was allowed to flow through the X-Cube™ system for 10 minutes to
equilibrate the filled CatCart with heterogeneous or immobilized-homogeneous reagent/catalyst.
A sample of the starting materials in the reaction solvent was pumped through the X-Cube™, the
total amount of product mixture was collected to sample vial and the column was washed with
the eluent to remove any material still absorbed to the CatCart, then the product mixture was
analyzed by GC-MS, HPLC-MS and NMR.

Figure 2-4 X-Cube continuous flow reactor (Thales Nano Inc.)*

* Thales Nano Nanotechnology Inc.
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It was demonstrated through various reactions that the X-Cube™ can be used to perform
carbon - carbon coupling reactions with high conversion rates, purity and yields. Furthermore,
the reaction times were dramatically reduced in comparison to the commercial batch mode.

2.3 Characterization techniques
2.3.1

UV-Vis absorption and photoluminescence spectroscopy
UV-Vis absorption spectroscopy involves the measurement of the attenuation of

wavelengths from 200-900 nm of light beam after it passes through an absorbing medium. The
measurement of absorption spectra of semiconductor and metallic nanostructures can provide
valuable information about size and shape of the nanocrystals. Photoluminescence spectroscopy
is a powerful technique for studying the electronic properties of semiconductor nanocrystals. It
provides information about quality, defects, impurity concentrations and bandgaps. When
semiconductor nanocrystals are excited with light photons of energy greater than that of the band
gap, an electron is elevated to conduction band leaving behind a hole in the valence band.

Figure 2-5 Schematic of a wavelength-selectable, single-beam UV-Vis spectrophotometer*

* Hewlett-Packard's "Fundamentals of Modern UV-Visible Spectroscopy" publication number 12-5965-512E, 1996.
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Upon electron-hole recombination, a photon of an energy characteristic to the band gap is
emitted. Other useful information about the charge or energy transfer between semiconductor
nanocrystals and graphene, for example, can be also obtained from photoluminescence studies.
In

this

work,

UV-Vis

absorbance

spectra

were

recorded

using

HP-8453

spectrophotometer. Diluted suspensions of test samples were placed in 1 cm UV-quartz cuvette
and absorption spectra were recorded within the appropriate scan range and using the pure
respective solvent as a reference. Photoluminescence spectra of diluted suspension were
measured using Varian (CARY) spectrofluorometer equipped with xenon lamp as an exciting
source. Both excitation and emission slits were set at 5 nm and the excitation wavelength was
chosen according to the absorption characteristics.
2.3.2

Transmission and scanning electron microscopy
Electron microscopes utilize electrons which have short wavelengths and thus allow

observation of matters with atomic resolution. The two microscopy techniques adopted here are
the transmission electron microscopy (TEM) and the scanning electron microscopy (SEM).
Both techniques provide valuable means to acquire morphological, crystallographic and
surface topographic information. In this work, TEM studies were conducted on Joel JEM-1230
electron microscope operated at 120 kV equipped with Gatan UltraScan 4000SP 4K × 4K CCD
camera.

Samples for TEM were prepared by placing a droplet of colloid suspension in

respective solvent on a Formvar carbon-coated, 300-mesh copper grid (Ted Pella) and allowing
them to evaporate in air at ambient conditions.
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Figure 2-6 The schematic outline of a TEM. *
Size distribution and average size were determined using image J analysis software
package. SEM, STEM and EDA
AX measurements were carried out using a Quantum DS-130S
DS
dual stage electron microscope.
2.3.3

Powder X-ray diffraction
ction (XRD)
X-ray
ray diffractometry (XRD) is the most essential tool to study and evaluate the crystal

structure of a material.

* Basic principles of TEM, Nitj Shiksha.
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The powder XRD measurements are based on the well-known Bragg’s law ( 
2 sin  . It is generally accepted that XRD reflection peaks of nancorystalline solids are broader
than those of bulk counterpart solids. In our work, the X-ray diffraction (XRD) patterns of the
powder samples were measured at room temperature with a standard X’Pert Philips Materials
Research diffractometer with Cu Kα1 radiation. The database used for the identification of crystal
structures of materials investigated in this work is the Joint Committee on Powder Diffraction
Standards-International Center for Diffraction Data (JCPDS-ICCDD) system.

Figure 2-7 X-Ray Diffraction Technique.*

* The University of California Museum of Paleontology, Berkeley, USA.
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2.3.4

X-ray photoelectron spectroscopy
pectroscopy (XPS)
Among the experimental spectroscopic techniques that provide electronic information

about atoms, molecules, ions, compounds and solid surfaces by measuring the kinetic energy of
electrons ejected from investigated materials are surface analytical tools such as X-ray
photoelectron spectroscopy (XPS, formerly known as electron spectroscopy for chemical
analysis, ESCA), UV photoelectron spectroscopy (UPS) and Aug
Auger
er electron spectroscopy
(AUS).

Figure 2-8 X-ray
ray photoelectron spectroscopy (XPS)*

* B. Vincent Crist, PhD
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Figure 2-9 X-ray photoelectron spectroscopy (XPS) Technique*
XPS in particular is an extremely powerful analytical tool that identifies elemental
composition, chemical state, empirical formula and electronic states of the elements within the
outer 1-10 nm region of any solid surface, down to 0.1 atomic %.125 Spectra are obtained by
bombarding a given sample with a beam of Al or Mg X-rays and simultaneously measuring the
kinetic energy and the number of electrons that escape from the top surface (1-10 nm) of the
sample. The technique allows revealing the speciation or the chemical environment with minimal
sample preparation, easy analysis, surface specificity (<10 nm) and high sensitivity (>0.05
atomic %).125 For the work described herein, XPS measurements were performed on a Thermo
Fisher Scientific ESCALAB 250 using a monochromatic Al Kα X-ray of ~ 1.4 keV.

* B. Vincent Crist, PhD
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2.3.5

Vibrating Sample Magnetometry (VSM)
Characterization of magnetic properties of nanostructures is generally carried out by

measuring the magnetization curves using a vibrating sample magnetometer (VSM). In
transverse-coil configuration VSM, the vibration (z) axis is perpendicular to the field applied by
the electromagnet, and the pickup coils are arranged to sense the moment along the field
direction. When a material is placed within a uniform magnetic field and made to undergo
sinusoidal motion (i.e. mechanically vibrated), there is some magnetic flux change. This induces
a voltage in the pick-up coils (Hall sensor), which is proportional to the magnetic moment of the
sample.

Figure 2-10 Vibrating Sample Magnetometer (VSM)*

* Foner, S. "Versatile and Sensitive Vibrating-Sample Magnetometer". Rev. Sci. Instrum 30 (7): 548–557.
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With VSM one can obtain magnetization versus field or versus temperature data, and
from these curves information about size and magnetic behavior can be drawn. In studying
ferromagnetic materials, for example, one observes a decrease in transition temperature with a
decrease in particle size and when the particle size is very small (<10–15 nm), the particles
become superparamagnetic. Magnetization curves reported herein were acquired using cryogenfree cryocooler-based 3-tesla VSM – VersaLab that has a temperature range of 50 to 400 K.
2.3.6

Fourier-Transform IR spectrometry
When an IR radiation is passed through a sample, some of the radiation is absorbed by

the sample and some passes through. The resulting spectrum represents the molecular absorption
and transmission, creating a molecular fingerprint of the sample with absorption peaks that
correspond to the frequencies of vibration between the bonds of the atoms making up the
material.
A beam of IR energy radiated from the source (usually a glowing black-body) is passed
through an aperture which controls the amount of energy delivered to the sample/detector. When
the beam enters the interferometer, spectral encoding takes place and the resulting interferogram
leaves the interferometer as a signal. In the sample compartment, certain IR frequencies which
are unique to the test sample are absorbed. Finally the transmitted beam passes to the detector
where a unique interferogram signal is measured. The signal measured is digitized and sent to the
computer. After the Fourier transformation process, a final IR frequency spectrum is generated.
The model of the FTIR spectrometer utilized in this work is Nicolet 6700 FTIR.
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CHAPTER 3

Microwave – assisted Synthesis of an Efficient Catalyst of

Palladium Nanoparticles Supported on Fe3O4, Co3O4, Ni (OH)2 for
Applications in CO Oxidation

3.1 Overview
This chapter summarizes microwave irradiation methods for the preparation of metal
oxide nanoparticles and their catalytic properties and applications. Microwave irradiation
provides rapid decomposition of metal precursors and can be extended for synthesis of a wide
range of metal oxide nanoparticles with various compositions, sizes and shapes.20 This chapter
introduces the microwave method and describes the nucleation and growth process for the
formation nanocrystals. A broad overview is offered here for metal oxide nanostructures
synthesized by microwave irradiation including: Fe3O4, Co3O4, and Ni (OH) 2, transitional metal
oxides and metal oxides nanostructures supported on graphene. Finally, there is a description of
the application of metal oxides in the removal of carbon monoxide. The metal oxide nano
catalysts are of great importance in improving the thermal-catalytic decomposition
performance.43, 103, 114 The advanced and unique magnetic, electronic, and catalytic properties of
the materials in the nano scale attracted research centers to investigate this area of science
deeply.4,

44, 62-65

In the field of catalysis; separation of catalysts is a vital step especially in

medical and therapeutic applications and mainly in cross coupling reactions.45, 66-69
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The catalytic effect of magnetic nanoparticles was an important area of research due to its
huge industrial applications.70-72 Gold nanocrystals deposited on metal oxides and bimetallic NiFe alloys have been also studied for oxidation catalysis.6, 115-124 The carbon materials have an
increasing importance in catalytic processes when used as catalyst supports but there is also an
endless efforts to develop other kinds of supports like metal oxides.47, 62, 73-80
Cobalt, iron and nickel are mainly used as Fischer-Tropsch catalysts while their magnetic
characterization provides valuable information about catalyst reduction, sizes of ferromagnetic
nanoparticles, chemisorption on ferromagnetic.5,

98, 126-133

Syntheses of nanoparticles with

variable sizes have been intensively tried particularly for magnetic iron oxides with namely
maghemite (α-Fe2O3) and magnetite (Fe3O4).46, 81-88 These nano particles were used efficiently as
magnetic recoverable catalysts for various applications.74, 89-96
Over the past decade, transition metal particles in nano scale have been intensively
pursued as potentially advanced catalysts due to their unique properties lie between those of
single metal atoms and bulk metal. The accurate control of particle size and overall particle size
distribution is one of the most important challenges to provide new chemical and physical
properties.72, 89, 97-98 When the nanostructured materials were used as heterogeneous catalysts by
comparing with traditional powder catalysts, the nanostructured materials showed special
properties of nanoparticles and new effects caused by nanostructured combination, with
remarkable improvements in the aspects of size, numbers of reaction active sites, surface
structure, catalytic selectivity, shape and so on.2 Hence, the nanostructured materials have great
potential application in the field of heterogeneous catalysis and have become the corner stone of
materials science in the area of heterogeneous catalysis especially in the past few recent years.56,
94, 99
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The nano porous structure and superparamagnetic behavior of (Fe3O4) nano particles
make them ideal for powerful application potentials in chemical, physical, biological,
biomedical, and environmental engineering fields like catalyst or drug carrier, absorption,
separation.40,

61, 81, 84, 86, 92, 95, 100-103

Nano-alloys are also used as catalysts for hydrogen

generation. Moreover, these catalysts can be easily magnetically separated for recycle purpose.58,
71

Such alloy catalysts are expected to be useful for various applications as metal-air batteries,

fuel cells, and electrochemical sensors.29, 67, 90, 130, 134-135 Besides iron oxides, cobalt oxides were
also investigated for environmental applications in CO catalysis.43-47 Some recent developments
had been achieved in the application of magnetic methods for investigation of Fischer-Tropsch
catalysts involving cobalt, iron and nickel.5, 41-42, 126-128, 131-133, 136-140 Recently, the synthesis and
applications of magnetic nanoparticles (MNPs) have attracted more interest in catalysis research,
and MNP-derived catalysts have been used in such industrially important reactions as
hydrogenation, hydroformylation, Suzuki-Miyaura and Heck cross - couplings.66, 82-83, 104-105

3.2 Introduction
The synthesis and characterization of nanocrystals with controlled size and shape have
attracted rapidly growing interest both for fundamental scientific interest and many practical and
technological applications.2,

141

Shape control and assembly of nanostructures into organized

patterns provide valuable routes to the design of functional materials and to a variety of
applications.20,

141

Several methods based on physical and chemical approaches have been

developed for the synthesis of controlled size and shape nanostructures.

31

Examples of these approaches include sonochemical reactions, kinetic growth control,
solvothermal methods, template-assisted, and thermolysis of single-source precursor in ligating
solvents.4, 40, 43-44, 142
Microwave Irradiation (MWI) methods provide simple and fast routes to the synthesis of
nanomaterials since no high temperature or high pressure is needed. Furthermore, MWI is
particularly useful for a controlled large-scale synthesis that minimizes the thermal gradient
effects.20, 40, 143-145 The heating of a substance by microwave irradiation depends on the ability of
the material (solvent or reagent) to absorb microwave radiation and convert it into heat. This is
based on two principal mechanisms: dipole rotation and ionic conduction, that is, by reversal of
solvent dipoles and the resulting replacement of charged ions of a solute. 1, 39, 145
Polar reactants with a high microwave extinction coefficient can be excited by direct
absorption of microwaves. Due to the difference in the solvent and reactant dielectric constants,
selective dielectric heating can provide significant enhancement in reaction rates. By using metal
precursors that have large microwave absorption cross-sections relative to the solvent, very high
effective reaction temperatures can be achieved. The rapid transfer of energy directly to the
reactants (faster than they are able to relax), causes an instantaneous internal temperature rise.1920, 39, 146

Thus, the activation energy is essentially decreased as compared with conductive heating

and the reaction rate increases accordingly. As a consequence, reactions might be performed at
lower temperatures and hotspots or other temperature inhomogeneities can be prevented.
Furthermore, reaction parameters such as temperature, time, and pressure can be controlled
easily. This also allows the rapid decomposition of the precursors thus creating highly
supersaturated solutions where nucleation and growth can take place to produce the desired
nanocrystalline products.7, 20, 147-148
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These conditions lead to the formation of very small nanocrystals since the higher the
supersaturation the smaller the critical size required for nucleation. Thus, in the synthesis of
nanocrystals using MWI, the reaction can be controlled very conveniently, and the resulting
nanocrystals show very good monodispersity and crystallinity.20, 149-150
MWI methods have been demonstrated for the synthesis of a variety of high quality metal
and metal oxide nanoparticles as well as one-dimensional nanostructures.20, 22, 144, 149-151
In this chapter, we describe several examples of the application of MWI for the synthesis
of a variety of metal oxide nanostructures of controlled size and shape. A key objective of
nanocatalysis research is to produce catalysts with 100% selectivity, extremely high activity, low
energy consumption, and long lifetime. In order to provide a basic understanding of
nanoparticle’s formation, a brief overview of the classical nucleation theory (CNT) will be
presented since nucleation and growth greatly influence the control of the size and shape of
nanoparticles which consequently determine the unique properties that may characterize
nanoparticles. This can be achieved only by precisely and efficiently controlling the size, shape,
spatial distribution, surface composition and electronic structure, thermal and chemical stability
of the individual nanocomponents.18, 20, 150
3.2.1

Brief Overview of Nucleation and Growth from the Vapor Phase
Nucleation of liquid droplets from the vapor or nanocrystals from the solution phase can

occur homogeneously or heterogeneously. Homogeneous nucleation occurs in the absence of any
foreign particles or surfaces when the vapor molecules themselves cluster to nuclei within the
supersaturated vapor or solution. According to the Classical Nucleation Theory (CNT) for vapor
phase nucleation, embryonic clusters of the new phase can be described as spherical liquid
droplets with the bulk liquid density inside and the vapor density outside.20, 150, 152
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The free energy of theses clusters relative to the vapor is the sum of two terms: a positive
contribution from the surface free energy and a negative contribution from the bulk free energy
difference between the supersaturated vapor and the liquid. The surface free energy results from
the reversible work in forming the interface between the liquid droplet and the vapor. For a
cluster containing n atoms or molecules, the interface energy is given by:
ϬA(n) = 4Пϭ(3v/4П)2/3n2/3

3-1

Where r is the interfacial tension or surface energy per unit area, A(n) is the surface area
of the clusters, and v is the volume per molecule in the bulk liquid. Since n molecules are
transferred from the vapor to the cluster, the bulk contribution to the free energy is n (µ L - µ v)
where µ L and µ v are the chemical potentials per molecule in the bulk liquid and vapor,
respectively. Assuming ideal vapor, it can be shown that:
(µ1 - µV ) = - n kB T ln S

3-2

Where kb is the Boltzmann constant, T is the temperature, and S is vapor supersaturation
ration defined as S = P/Pe, where P is the pressure of the vapor and Pe is the equilibrium or
‘‘saturation’’ vapor pressure at the temperature of the vapor (T).
The sum of the contributions in Eqs. (3.1) and (3.2) is the reversible work (free energy)
W(n), done in forming a cluster containing n atoms or molecules. This free energy is given by:
W (n*) = - n kB T ln S + 4Пϭ(3v/4П)2/3n2/3

3-3

Because of the positive contribution of the surface free energy, there is a free energy
barrier which impedes nucleation.
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The smallest cluster n* which can grow with a decrease in free energy is determined to
be:
n* = [32π σ3υ2] / 3[KB T ln S]3

3-4

Substituting n* into Eq. 3.3 yields the barrier height W (n*), given by:
W (n*) = 16π σ3υ2 / 3(KB T ln S) 2

3-5

It is clear from Eq. (3-5) that increasing the supersaturation (S) reduces the barrier height
and the critical cluster size (n*) and hence, fluctuations can allow some clusters to grow large
enough to overcome the barrier and grow into stable droplets.20, 150, 153-156
3.2.2

Nucleation and Growth from Supersaturated Solutions
The formation of nanocrystals in supersaturated solutions follows the basic principles of

crystallization: a nucleation event precedes the growth of nanocrystals and eventually bulk
crystals. The most widely accepted mechanism is known as La Mer-mechanism.157 According to
this mechanism, the reaction can be divided into three phases: first, the concentration of reactant
increases gradually and eventually exceeds solubility. Second, the concentration of reactants
reaches the critical limit of supersaturation and rapid nucleation occurs. This nucleation burst
results in a sudden decrease of reactant concentration. Finally, nuclei grow slowly as the reaction
solution depletes in reactants.13, 16, 150, 152
Since growth is usually thermodynamically favored over nucleation, nanoparticles can be
grown monodispersely when the second phase can be limited to a short period of time by suitable
choice of reactant concentration and temperature. The overall nanocrystals’ formation can be
described in terms of three stages: (1) nucleation, (2) growth and (3) competitive growth which is
commonly referred to as Ostwald ripening.150, 156-157
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For the formation of monodisperse nanocrystals, single rather than multiple nucleation
events are necessary in order to prevent additional nucleation during the subsequent growth
process.157-161 Therefore, the key point to achieve good control over the size and size distribution
of nanoparticles is to decouple the nucleation and growth processes. In the nucleation stage, the
number and size of the small nuclei formed are controlled by the degree of the solution
supersaturation.20, 162 As shown by the CNT above, the larger the supersaturation, the smaller the
critical size of the nucleus and the smaller the nanocrystals that can grow. At the second stage,
nanocrystals exhibit a monotonic growth due to the addition of atoms from the solution into the
nuclei which results in decreasing the degree of supersaturation with time and increasing the total
volume of the nanocrystals. Finally, when the nanocrystals are large enough and the degree of
supersaturation is negligible, since all atoms are already incorporated in the nanocrystals,
Ostwald ripening starts to operate where competitive growth or diffusion-limited aggregation
takes place.20, 157, 162-163 This process results in an increase in the mean size of the nanocrystals
due to the mass transfer from smaller to larger particles. The net result is that larger particles
grow and smaller particles shrink in size. Another result is that the number of particles in a
system is drastically reduced, as smaller particles vanish completely in order to donate their
atoms for the continued growth of the larger particles.157, 162
Therefore, not only does the surface-to-volume ratio of the larger particles decrease,
making them more stable, but the less stable (smaller) particles become fewer, and the total
surface energy of the system decreases. The growth of the newly formed nanocrystals can be
effectively inhibited by the adsorption of ligating organic surfactants that bind strongly to the
nanocrystals, thus stabilizing and passivating the surface.20
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The ability to cap the nanocrystal’s surface provides a way not only to control the
surface states, but also to prevent rapid agglomeration of the particles due to Ostwald ripening.
MWI in organic solutions allows the production of high degrees of supersaturation due to the
rapid heating of the nanocrystals’ precursors.

20, 39, 154-155

The size of the nanocrystals is tuned by

varying the concentration of the precursors and the MWI times, while the shape is controlled by
varying the concentration and composition of the ligating solvents which stabilize the
nanocrystals by passivating the surfaces.20 Following MWI for the desired time in an organic
phase, the synthesized nanocrystals can be separated by size-selective precipitation through the
gradual addition of a hydrophilic solvent such as ethanol to the toluene or hexane dispersion
containing nanoparticles with various particles sizes. The large nanoparticles tend to precipitate
first because of their strong van der Waals attraction.

3.3 Experimental
3.3.1

Chemicals and reagents
A JEOL JEM-1230 electron microscope operated at 120 kV has been used to obtain TEM

images. The electron microscope is equipped with a Gatan UltraScan 4000SP 4K X 4K CCD
camera. TEM samples were prepared by placing a droplet of the prepared catalyst dissolved in
ethanol on a 300-mesh copper grid and then left to evaporate in air at room temperature. The Xray photoelectron spectroscopy (XPS) analysis was executed on a Thermo Fisher Scientific
ESCALAB 250 using a monochromatic Al KR X-ray.
The samples were perfectly fastened on an indium foil that was previously fixed on the
carbon tape which in turn was completely attached to the sample holder by a double face. The Xray diffraction patterns were measured at room temperature using X’Pert PRO PANanalytical Xray diffraction unit.
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For all the syntheses described here, a conventional microwave oven (2.45 GHz)
operating at 600–1,000 W was used. For the CO Catalytic oxidation; tests were carried out in a
continuous fixed-bed quartz-tube reactor Type F21100 Tube Furnace under ambient pressure.
The sample temperature was measured by a thermocouple placed near the sample. In typical
experiment, a gas mixture consisting of 3.5 wt. % CO and 20 wt. % O2 in Helium was passed
over the sample while the temperature was ramped. The gas mixture was set to flow over the
sample at a rate of 100 cc/min. controlled via MKS digital flow meters. The conversion of COCO2 was monitored using an infrared gas analyzer (ACS, Automated Custom Systems Inc.). All
the catalytic activities were measured (using 25 mg sample) after heat treatment of the catalyst at
110 ̊ C in the reactant gas mixture for 15 min. in order to remove moisture and adsorbed
impurities. Catalytic tests were carried out in a continuous fixed-bed quartz-tube reactor Type
F21100 Tube Furnace under ambient pressure. The typical procedure includes removing the
reactor from the tubular furnace and cleaning it with Tissue and compressed air till it becomes
clean. The gas inlet source is attached to the reactor and the O ring is placed by the right way to
avoid any leakage. Small piece of Glass wool is put inside the reactor around the thermocouple
which is used in direct contact with the catalyst to monitor the temperature of the reactor. Then
20 mg of catalyst is added inside the reactor slowly and then another small piece of Glass wool is
added. So, now the catalyst is between two pieces of glass wool. Finally, small amount of Glass
balls are added inside the reactor and then another small pieces of glass wool. Attach the gas
outlet to the reactor and also be careful about the ‘O’ ring and be sure it is in the correct place to
avoid any kind of CO leakage. A test run is performed till the concentrations of both CO and
CO2 at room temperature are constant.
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After that, the test is stopped and the first run of the catalyst is started inside the tubular
furnace which is the activation run. After the first run is finished the run is stopped and run test is
performed again and also we have to stop the furnace and switch the flow gas to Ar gas instead
of CO/O2/He gas mixture. Before the second run starts, there should be a wait time till
temperature reaches the room temperature in the flow of Ar gas. Then, we switch the flow gas to
CO/O2/He gas mixture and wait till the concentrations of both CO and CO2 at room temperature
are constant (all this during the test run) then we stop the test run and start the second run which
is our actual run.
3.3.2

Microwave Synthesis of Palladium Nanoparticles Supported on Fe3O4, Co3O4, and
Ni (OH)2
All chemicals used in our experiments were purchased and used as received without

further purifications. Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%) and hydrazine
hydrate (80%, Hydrazine 51%) were obtained from Sigma Aldrich. Aryl bromide and potassium
carbonate, aryl substituted boronic acid were also purchased from Aldrich and used as received.
A mixture of ethanol/deionized water was used for the Suzuki cross-coupling reactions.
In the typical synthesis of Pd/Fe3O4, different ratios has been prepared (5, 20, 40, 50 wt
%) Palladium Nitrate Pd (NO3)2 supported on iron as will be shown respectively. Weigh (687.2,
578.7, 434.1, 361.7) mg of iron (iii) nitrate nonahydrate Fe(NO3)3.9H2O, and then add 20 ml
Deionized water in 150 ml beaker and sonicate the solution for 1 hr. Then, add (97, 388, 776,
970) µl of palladium nitrate to the sonicated solution; then, stirr for 1 hr. After stirring; add
(600) µl Hydrazine Hydrate at room temperature. The mixture turned to reddish brown and
hence; the precursor suspension was heated by microwave for (60) s (intervals) and the black
product was obtained. So, finally washing was done using hot deionized water 2-3 times, and
then ethanol 2-3 times, dries in oven at 80˚C.
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While, in the typical synthesis of Pd/Co3O4, different ratios has been prepared 10, 20, 30,
40, 50 wt % Palladium Nitrate Pd (NO3)2 supported on cobalt as will be shown respectively.
Weigh 443.9, 394.6, 345.2, 295.9, 246.6 mg of cobalt (II) nitrate hexahydrate Co(NO3)2.6H2O,
and then add 20 ml deionized water in 150 ml beaker and sonicate the solution for 1 hr. Then,
add 194, 388, 582, 776, 970 µl of palladium nitrate to the sonicated solution; then, stirr for 1 hr.
After stirring, add 600 µl Hydrazine Hydrate and microwave for 60 s ( intervals), wash with hot
deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
Also, in the synthesis of Pd/Ni (OH)2, different ratios has been prepared 30, 50, 70 wt %
Palladium Nitrate Pd (NO3)2 supported on nickel as will be shown respectively. Weigh 346.7,
247.6, 148.6

mg of Nickel (II) nitrate hexahydrate Ni(NO3)2.6H2O, and then add 20 ml

deionized water in 150 ml beaker and sonicate the solution for 1 hr. Then, add 582, 970, 1358
µl of palladium nitrate to the sonicated solution, then, stirr for 1 hr. After stirring, add 600 µl
Hydrazine Hydrate and microwave for 60 s ( intervals), wash with hot deionized water 2-3
times, then ethanol 2-3 times, dry in oven at 80˚C. But, to prepare 100 wt % Pd, 1940 µl of
palladium nitrate were added to 20 ml deionized water. sonicate for 1 hr. Then, stirr for 1 hr.
After stirring is finished, add 600 µl Hydrazine Hydrate. Then; microwave for 60 s (intervals),
wash with hot deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
Also, in case of preparing 100 wt % Fe3O4 nanoparticles, 723.42 mg of iron (III) nitrate
nonahydrate Fe (NO3)3.9H2O were added to 20 ml deionized water. sonicate for 1 hr. Then, stirr
for 1 hr. After stirring is finished, add 600 µl Hydrazine Hydrate. Then, microwave for 60 s
(intervals), wash with hot deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
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Similarly, in case of 100 wt % Co3O4 nanoplates, 493.27 mg of Cobalt (ii) nitrate
hexahydrate Co (NO3)2.6H2O were added to 20 ml deionized water. sonicate for 1 hr. Then, stirr
for 1 hr. After stirring is finished, add few drops of 10 M solution of sodium hydroxide and
finally add 600 µl Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot
deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
Also, in case of 100 wt % Ni(OH)2, 495.298 mg of Nickel (II) nitrate hexahydrate Ni
(NO3)2.6H2O were added to 20 ml deionized water. sonicate for 1 hr. Then, stirr for 1 hr. After
stirring is finished, add few drops of 10 M solution of sodium hydroxide and finally add 600 µl
Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot deionized water 2-3
times, then ethanol 2-3 times, dry in oven at 80˚C.
Some trials were done to Synthesis 30 wt % Pd – 70 wt % ( Fe3O4 – Co3O4) oxide
mixture magnetic catalyst so, in case of synthesis of ( Fe3O4 – Co3O4) - (1:3), 126.6 mg of iron
(III) nitrate nonahydrate Fe (NO3)3.9H2O, 258.966 mg of cobalt (II) nitrate hexahydrate Co
(NO3)2.6H2O were added to 20 ml deionized water. sonicate for 1 hr. Then, add 582 µl of
palladium nitrate to the iron and cobalt nitrate solution, then, stir for 1 hr. After stirring is
finished; add 600 µl Hydrazine Hydrate. Then; microwave for 60 s (intervals), wash with hot
deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
Also, in case of synthesis of ( Fe3O4 – Co3O4) oxide - (1:1), 253.2 mg of iron (III) nitrate
nonahydrate Fe (NO3)3.9H2O, 172.644 mg of cobalt (II) nitrate hexahydrate Co (NO3)2.6H2O
were added to 20 ml deionized water. Sonicate for 1 hr. Then, add 582 µl of palladium nitrate to
the iron nitrate and cobalt solution, then, stirr for 1 hr. After stirring is finished, add 600 µl
Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot deionized water 2-3
times, then ethanol 2-3 times, dry in oven at 80˚C.
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Similarly, in case of synthesis of ( Fe3O4 – Co3O4) oxide - (3:1), 379.8 mg of iron (III)
nitrate nonahydrate Fe(NO3)3.9H2O,

86.322 mg of cobalt (II) nitrate hexahydrate

Co(NO3)2.6H2O were added to 20 ml deionized water. sonicate for 1 hr. Then, add 582 µl of
palladium nitrate to the iron nitrate and cobalt solution, then, stirr for 1 hr. After stirring is
finished, add 600 µl Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot
deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
While in case of synthesis of ( Pd:Fe3O4:Co3O4) - (15:15:70), 108.51 mg of iron (III)
nitrate nonahydrate Fe(NO3)3.9H2O,

345.289 mg of cobalt (II) nitrate hexahydrate

Co(NO3)2.6H2O were added to 50 ml deionized water. sonicate for 1 hr. Then, add 291 µl of
palladium nitrate to the iron and cobalt nitrate solution, then, stirr for 1 hr. After stirring is
finished, add 600 µl Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot
deionized water 2-3 times, then ethanol 2-3 times, dry in oven at 80˚C.
In typical synthesis of ( Pd:Fe3O4:Co3O4) - (40:40:20), 289.37 mg of iron (III) nitrate
nonahydrate Fe(NO3)3.9H2O, 98.654 mg of cobalt (II) nitrate hexahydrate Co(NO3)2.6H2O were
added to 50 ml deionized water. sonicate for 1 hr. Then, add 776 µl of palladium nitrate to the
iron nitrate and cobalt solution, then, stirr for 1 hr. After stirring is finished, add 600 µl
Hydrazine Hydrate. Then, microwave for 60 s (intervals), wash with hot deionized water 2-3
times, then ethanol 2-3 times, dry in oven at 80˚C.
Similarly, synthesis of ( Pd:Fe3O4:Co3O4) - (45:45:10) was made by adding 325.54 mg
of iron (III) nitrate nonahydrate Fe(NO3)3.9H2O, 49.327 mg of cobalt (II) nitrate hexahydrate
Co(NO3)2.6H2O to 50 ml deionized water.
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Sonicate for 1 hr. Then, add 873 µl of palladium nitrate to the iron nitrate and cobalt
solution, then, stirr for 1 hr. After stirring is finished, add 600 µl Hydrazine Hydrate. Then,
microwave for 60 s (intervals), wash with hot deionized water 2-3 times, then ethanol 2-3 times,
dry in oven at 80˚C.
Annealing for selected samples has been made for our best results 30 wt %Pd – 70 wt %
Co3O4 and 50 wt % Pd – 50 wt % Fe3O4. Annealing was done by using a tube furnace for heating
at 350 ̊ C for 3 hours with a continuous flow of hydrogen gas to get rid of remaining hydrazine.
While, Synthesis of Pd – Fe3O4 and Pd – Co3O4 supported on GO was done by using Graphite
oxide that was prepared from graphite powder by Hummers and Offeman method.164 So, the preprepared catalysts 50 wt % Pd – 50 wt % Fe3O4 and 30 wt % Pd – 70 wt % Co3O4 were used by
dissolving 40 mg of each catalyst separately in 50 ml deionized water and sonicate for 2 hrs.
Then, at the same time prepare two solutions of 160 mg of graphite oxide dispersed in 100 ml
and also sonicated for 2 hrs. then add the 40 mg catalyst to the 160 mg Go solution and stir for 2
hrs then centrifuge, wash with hot deionized water 2-3 times, then ethanol 2-3 times, dry in oven
at 80˚C.
3.3.3

Synthesis of Graphene Oxide (GO)
In the typical synthesis, Graphene oxide was prepared according to Hummers and

Offeman method164 in which oxidation of high-purity graphite powder (99.9999%, 200 mesh)
was done using a mixture of H2SO4/KMnO4. Briefly, 4-5 g of graphite and 2.5 g of NaNO3 were
mixed in a conical flask. Then the mixture was kept in an ice bath and 115 mL of conc. H2SO4
was poured into it with constant stirring. Subsequently, after a period of 20 min., 15 g of KMnO4
was slowly added over about 2 - 2.5 h with constant stirring. Stirring was again continued for 3 h
in ice bath.
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After that the mixture was continuously stirred for 3 h at room temperature, 230 mL of
deionized water H2O was slowly added to the above mixture. Then, after 20 min., 700 ml
deionized water H2O were added when temperature was around 80 ̊ C. Then, after 20 min., 20 ml
(10%) H2O2 were added drop by drop. Solid product was separated from the reaction mixture
using centrifuge to remove water soluble oxidant and other inorganic salts. Collected yellowishbrown cake of solid was washed 3 - 5 times with 1M HCl followed by washing 10 – 15 times
with hot deionized water . After each time of washing solid was suspended by ultra sonication
and again collected by centrifugation. Then the solid sample (graphite oxide) was dried in a
vacuum oven at 40 ̊ C. Resultant graphite oxide could be readily exfoliated to completely water
dispersed graphene oxide (GO) by ultra-sonication.
3.3.4

Synthesis of Pd-Fe3O4 supported on Graphene
Sixty milligrams of the above solid was dispersed in 50 mL of water for 1 h in a

sonication bath to produce aqueous dispersion of graphene oxide. Then; 50 mL of deionized
water in which 388 µl of Palladium Nitrate Pd (NO3)2 and 144.68 mg of iron (III) nitrate
nonahydrate Fe(NO3)3.9H2O were added and sonicated for 1 h; the 50 ml solution was added to
the aqueous dispersion of graphene oxide and stirred for 1 h. After stirring, add 1 ml Hydrazine
Hydrate at room temperature. The mixture turned to reddish brown and hence, the precursor
suspension was heated by microwave for (60) s (intervals) and the black product was obtained.
So, finally washing was done using hot deionized water 2-3 times, and then ethanol 2-3 times,
dries in oven at 80˚C.
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3.3.5

Synthesis of Pd-Co3O4 supported on Graphene
Sixty milligrams of the above solid was dispersed in 50 mL of water for 1 h in a

sonication bath to produce aqueous dispersion of graphene oxide. Then; 50 mL of deionized
water in which 388 µl of Palladium Nitrate Pd (NO3)2 and 98.654 mg of cobalt (II) nitrate
hexahydrate Co(NO3)2.6H2O were added and sonicated for 1 h, the 50 ml solution was added to
the aqueous dispersion of graphene oxide and stirred for 1 h. After stirring, add 1 ml Hydrazine
Hydrate at room temperature. The mixture turned to reddish brown and hence; the precursor
suspension was heated by microwave for (60) s (intervals) and the black product was obtained.
So, finally washing was done using hot deionized water 2-3 times, and then ethanol 2-3 times,
dries in oven at 80˚C.
3.3.6

Synthesis of Pd- Ni(OH)2 supported on Graphene
Sixty milligrams of the above solid was dispersed in 50 mL of water for 1 h in a

sonication bath to produce aqueous dispersion of graphene oxide. Then, 50 mL of deionized
water in which 388 µl of Palladium Nitrate Pd (NO3)2 and 99.0596 mg of nickel (II) nitrate
hexahydrate Ni(NO3)2.6H2O were added and sonicated for 1 h, the 50 ml solution was added to
the aqueous dispersion of graphene oxide and stirred for 1 h. After stirring, add 1 ml Hydrazine
Hydrate at room temperature. The mixture turned to reddish brown and hence, the precursor
suspension was heated by microwave for (60) s (intervals) and the black product was obtained.
So, finally washing was done using hot deionized water 2-3 times, and then ethanol 2-3 times,
dries in oven at 80˚C.
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3.3.7

Synthesis of Fe3O4 Hexagonal Nanoplates
Graphene has received a great attention in recent years because of its extraordinary

structural, optical, thermal, mechanical and electrical properties.165-167 Such intriguing and
unique features make graphene promising in wide array of potential applications such as
nanocomposites, supercapacitors, transparent conducting films, batteries, paper-like materials
and others.168 Anchoring superparamagnetic iron oxide nanostructures on chemically synthesized
graphene will impart the desirable superparamagnetic features into graphene, making such
graphene-based composite material promising for a wide range of fields such as magnetic energy
storage, magnetic fluids, catalysis, electromagnetic materials and coatings, environmental
remediation, aligned substrates for nanodevices, magnetic separation and biological imaging.169178

The control of the morphology, size and magnetic features of magnetic nanoparticles has

gained considerable attention in the past few years due to the significance in fundamental
understanding and wide technological applications in catalysis, high density magnetic and energy
storage media, drug delivery, color imaging and biological separations.179-181 The size and
morphological changes in magnetite nanostructures, in particular, have been shown to
significantly affect the magnetic features.182-185 In addition, Fe3O4 have been brought into sharp
focus due to their superior magnetic properties, low toxicity and biocompatibility. To control the
size and shape of magnetic nanocrystals, various synthetic methods adopting hydro- or
solvothermal treatment, wet chemical etching, reverse-micelles or polyol molecules have been
introduced to prepare a variety of structures such as magnetite nanospheres,186 nanopyarmids,181
1D nanowires,187-188 nanocubes,184, 189 nanooctahedra,180, 190 and nanorods.191 Chemical synthetic
routes offer large scale production of graphene-based composite materials with potentially low
cost. Recently, composite structures of graphene or graphene oxide and magnetic nanostructures
prepared by the wet chemical methods have been synthesized and applied to arsenic removal,
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catalysis, magnetic-controlled switches, magnetic resonance imaging (MRI), electrochemical
sensing, and targeted drug carriers.169-176, 192-197 As a simple and fast route, microwave irradiation
(MWI) has been used extensively for the large scale synthesis of high crystalline nanostructures
that minimizes the thermal gradient effects.39,

198

Heating of a substance by microwave

irradiation is based on dipole rotation and ionic conduction, that is, by reversal of solvent dipoles
and the resulting replacement of charged ions of a solute.39,
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Due to the difference in the

solvent and reactant dielectric constants, selective dielectric heating can provide significant
enhancement in reaction rates. The rapid transfer of energy directly to the reactants causes an
instantaneous internal temperature rise. Thus, the activation energy is essentially decreased as
compared with conventional heating methods and the reaction rate increases accordingly. This
also allows the rapid decomposition of the precursors thus creating highly supersaturated
solutions where nucleation and growth can take place to produce the desired nanocrystals.
Herein, a simple strategy to control the shape of magnetite nanocrystals, both free
standing and those attached to graphene sheets is described, integrating in such way the
superparamagnetic properties of magnetite nanoparticles of different morphologies and the
superior conductivity of graphene in a single compartment composite structure. We performed
two different microwave-assisted syntheses using same metal precursors and reducing agent. The
two syntheses included the preparation of Fe3O4 hexagonal nanoplates both free-standing and
supported on co-synthesized graphene sheets. In a such synthesis of Fe3O4 hexagonal nanoplates,
3.9 x 10-1 mmol of Fe(NO3)3.9H2O was dissolved in 100 ml DI water followed by stirring and
addition of 2 ml hydrazine hydrate (78-82% assay) at room temperature. The reaction mixture
was then transferred to a microwave oven and was irradiated for 2 min. Upon microwave
irradiation, the color of the solution turned black indicating the formation of Fe3O4 nanocrystals.
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Particles were then separated by centrifuge, washed twice with hot DI water and once with
ethanol and finally dried in an oven at 80˚C overnight. For the preparation of Fe3O4 nanoplates
supported on graphene, 60 mg of graphene oxide was dispersed in 50 ml using sonication. Then
3.9 x 10-1 mmol of Fe (NO3)3.9H2O was added followed by addition of 2 ml hydrazine while
stirring. The whole mixture was then microwaved for 2 min and composite particles were
separated and washed as described before.

3.4 Results and Discussion
3.4.1

Characterization of Pd-Fe3O4
From analysis of data obtained using Type F21100 Tube Furnace under ambient pressure;

it was found that increasing the weight ratio of palladium nitrate with respect to iron nitrate
enhanced the catalytic activity of our catalyst as shown in Figure 3-1. So, the complete
conversion was accomplished at lower temperatures until our best temperature at which complete
conversion happened was 127 ˚C as shown in Table 3-1 in case of 50 wt % Pd – 50 wt % Fe 3O4
catalyst. While higher temperatures were noticed when using palladium nitrate and iron nitrate
alone. This may be due to a kind of agglomeration as there is no support used in these two cases.
Figure 3-2a displays the XRD pattern of palladium supported on iron oxide (Fe3O4) or
magnetite for different ratios of palladium to iron that was prepared by microwave method. The
palladium shows the typical sharp diffraction peak at 2θ = 40 .̊ The XRD patterns indicate that
the products were all (Fe3O4) magnetite with reference code (ICCD-00-003-0863) in case of (50
wt % Pd – 50 wt % Fe3O4) and (20 wt % Pd - 80 wt % Fe3O4), while reference code was (ICCD00-0021035) in case of 100 % Fe.
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It is also easily to notice that the sharp diffraction peak at 2θ = 40 ̊

which is

characteristic to palladium is larger in case of (50 wt % Pd - 50 wt % Fe3O4) if it is compared
with the (20 wt % Pd - 80 wt % Fe3O4) and also the characteristic peaks of Fe3O4 is shown as a
sharp diffraction peak at 2θ = 35 ̊.
The XPS technique is more sensitive for the analysis of surface oxides than XRD. All the
samples had a C1s binding energy around 284.5 eV derived from the carbon contamination in the
analysis.
In Figure 3-2b, 3-2c, and 3-2d, Samples showed that the binding energy of Fe 2P3/2 was
710.5 eV, indicating that the Fe was present as Fe3O4 and also the binding energy of Fe 2P1/2 was
723.7 eV indicating that Fe was present as Fe3O4. Also, the binding energy of Pd 3d5/2 was 334.8
eV, and Pd 3d3/2 was 340.1 eV indicating that the Pd was present as Pd0.
Similarly, the binding energy of Pd 3d3/2 was 341.38 eV, and Pd 3d5/2 was 336.23 eV
indicating that the Pd was present as PdO (Pd2+).
Table 3-1 “CO oxidation as a function of temperature for the reactant gas mixture
containing 4.0 wt% CO and 20.0 wt% O2 for different catalysts of Pd supported on Fe3O4”
wt % Pd in Fe3O4

T100% ( ̊ C)

5
10
20
40
50
80
100 (pure Pd nanoparticles)
0 (pure Fe3O4 nanoparticles)

204
180
157
130
127
168
179
273
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Figure 3-1 CO – Catalytic conversion of Palladium supported on magnetite (Fe3O4) – (a)
Different Ratios, (b) Different mixing methods, and annealing.
To confirm the stronger interaction between the Pd and Fe3O4 nanoparticles prepared
simultaneously using the MWI method as compared to the physical mixing of individual Pd and
Fe3O4 nanoparticles, we measured the catalytic activity of a 50 wt% physical mixture of Pd and
Fe3O4 nanoparticles prepared separately under identical conditions to the preparation of the
supported 50 wt% Pd/Fe3O4 catalyst.
As shown in Figure 3-1b, the physical mixture exhibits a significantly lower activity than
the supported catalyst prepared simultaneously using the MWI. This provides evidence for
stronger interaction between the Pd and Fe3O4 nanoparticles which is reflected in the enhanced
catalytic activity.

50

240

The catalytic activity of the 50 wt% Pd/Fe3O4 catalyst prepared here using the simple
one-step MWI-assisted chemical reduction is comparable to that of the Pd/Fe2O3 hybrid
nanocatalysts prepared by a seed-mediated process for the synthesis of Pd core nanoparticles
followed by deposition of Fe3O4 surface layers in solution and then thermal annealing at 300 ̊
C.21 The 100% conversion of CO into CO2 was measured for the Pd/Fe3O4 hybrid catalyst at 125 ̊
C as compared to 128 ̊ C for the 50 wt% Pd/Fe3O4 catalyst prepared in this work. While other
methods like physical mixing either solution or solid and also annealing in hydrogen at 400 ̊ C
for three hours didn’t make improvement to the catalytic activity.
To characterize the surface composition of the supported nanocatalysts, XPS
measurements were carried out as shown in Figure 3-2 for the 50 wt% Pd/Fe3O4 catalyst. The
data reveals the presence of Fe(III) as indicated by the observed peaks at 724.2 eV and 710.5 eV
corresponding to the binding energies of the 2p1/2 and 2p3/2 electrons, respectively. The broad
Fe(III) 2p3/2 peak centered at 710.5 eV most likely contain contributions from the Fe(II) 2p3/2
which normally occurs at ~ 708 eV. For Pd, the observed binding energies of 334.8 eV and 340.1
eV indicate the presence of 82% Pd0 and 18% Pd2+ (due to the presence of PdO). However, these
values are slightly lower than the binding energies of Pd 3d electrons in pure Pd nanoparticles
where the values of 335 eV and 341.1 eV have been reported for Pd0 and Pd2+, respectively.21
The decrease in the binding energy of the Pd 3d electron in the Pd/Fe3O4 supported catalyst
indicates that the Pd in the supported catalyst is more electron rich than in pure Pd nanoparticles.
This could be due to electron transfer from Fe2O3 to Pd consistent with similar results obtained
for the Pd/Fe2O3 hybrid nanocatalysts prepared by a seed-mediated process,21 and also for Pd
nanoparticles grown by vapor phase deposition on ordered crystalline Fe3O4 films.43
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Figure 3-2 (a) XRD Pattern, (b) XPS (C1s), (c) XPS (Fe2p) and (d) XPS (Pd3d) of
Palladium supported on Fe3O4
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Figure 3-3 TEM images of nanoparticles prepared by HH reduction under MWI of (a) Pd,
(b) Fe3O4, and (c) 50 wt% Pd/Fe3O4
It is clear that both the individual Fe3O4 and Pd nanoparticles show poor activities with
100% conversion temperatures of 273 oC and 179 oC, respectively. In the case of pure Pd, this is
mostly due to the aggregation of the Pd nanoparticles and the complete coverage by CO
molecules on the catalyst surface so there are not many open sites available for the adsorption of
the O2 molecules. The data also shows that the 5 wt% Pd/Fe3O4 catalyst has lower activity than
the pure Pd nanoparticle catalyst indicating that not enough Pd nanoparticles are interacting with
the Fe3O4 nanoparticles to create a sufficient number of active interfaces for the CO oxidation.
Increasing the Pd wt% up to 50% increases the activity as shown before. However, catalysts
containing more than 50 wt% Pd show similar behavior to the pure Pd nanoparticle catalyst
confirming the importance of the support in dispersing the catalyst nanoparticles and decreasing
their tendency for aggregation and sintering. Therefore, it appears that the 50 wt% Pd/Fe3O4
catalyst provides reasonable optimization between the adsorption of the CO and O2 molecules on
the Pd-Fe3O4 interfaces to allow efficient oxidation of CO.
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3.4.2

Characterization of Pd-Co3O4
Figure 3-4a displays the XRD pattern of palladium supported on cobalt for different

ratios of palladium to cobalt that was prepared by microwave method. The 100% Co3O4
nanoparticles show the characteristic peaks for the spinal Co3O4 phase (ICCD-00-030-044300).
For the 20 wt%, 30 wt% and 50 wt% Pd/Co3O4 nanoparticles, peaks due to Pd and Co3O4 are
present and with no indication of the presence of other phases.
The palladium shows the typical sharp diffraction peak at 2θ = 40 ̊. The XRD patterns
indicate that the catalysts were all Co3O4 with reference code (ICCD-00-030-0443) in case of (20
wt % Pd - 80 wt % Co3O4), (30 wt % Pd - 70 wt % Co3O4) and (100 wt % Co3O4), while
reference code was (ICCD-00-045-0031) in case of (50 wt % Pd - 50 wt % Co3O4). It is also
easily to notice that the sharp diffraction peak at 2θ = 40 ̊ which is characteristic to palladium is
larger in case of (50 wt % Pd - 50 wt % Co3O4) if it is compared with the (30 wt % Pd - 70 wt %
Co3O4) or (20 wt % Pd - 80 wt % Co3O4) and also the characteristic peaks of Co3O4 are shown.
In Figure 3-4b, 3-4c, and 3-4d; Samples showed that the binding energy of Co 2p was 796.99
and 780.77 eV indicating that most of the Co was present as Co3O4 as shown. Also; the binding
energy of Pd 3d5/2 was 335.4 eV, and Pd 3d3/2 was 340.68 eV indicating that the Pd was present
as Pd0. Similarly, the binding energy of Pd 3d3/2 was 342.47 eV, and Pd 3d5/2 was 337.174 eV
indicating that the Pd was present as PdO (Pd2+). The Co and Pd XPS data for the 50 wt%
Pd/Co3O4 catalyst are shown in Figure 4(b) and 4(c) for the Co-2p and Pd-3d electron binding
energies, respectively. The data reveals the presence of Co(II) and Co(III) as indicated by the
observed peaks at 796.8 eV and 780.7 eV corresponding to the Co(II) 2p1/2 and 2p3/2 binding
energies, respectively, and at 802.6 eV and 786.2 eV corresponding to the Co(III) 2p1/2 and 2p3/2
binding energies, respectively.
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For Pd, the observed binding energies of 340.7 eV and 335.4 eV indicate the presence of
86% Pd0 (3d5/2) and 342.5 eV and 337.2 eV indicate the presence of 14% Pd2+ (due to the
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Similarly, it was found that increasing the weight ratio of palladium nitrate with respect
to cobalt nitrate enhanced the catalytic activity of our catalyst as shown in Figure 3-5a.
So, the complete conversion was accomplished at lower temperatures until our best
temperature at which complete conversion happened was 127 ˚C as shown in Table 3-2 in case
of 30 wt % Pd – 70 wt % Co3O4 catalyst.
While higher temperatures were noticed when using palladium nitrate in higher weight
ratio. This may be due to a kind of agglomeration.
Also, a kind of room temperature catalytic activity was noticed when using 10 wt % and
20 wt % Pd supported on cobalt oxide but reaction after that was slower to be comparable to the
other ratios.
Table 3-2 “CO oxidation as a function of temperature for the reactant gas mixture
containing 4.0 wt% CO and 20.0 wt% O2 for different catalysts of Pd supported on Co3O4”
wt % Pd in Co3O4

T100% ( ̊ C)

5
10
20
30
40
50
100 (pure Pd nanoparticles)
0 (pure Co3O4 nanoparticles)

172
164
151
127
135
165
179
140
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Figure 3-5 CO – Catalytic conversion of Palladium supported on magnetite (Co3O4) – (a)
Different Ratios, (b) Different mixing methods, and With annealing
Figure 3-5 compares the catalytic oxidation of CO over Co3O4 and Pd nanoparticles as well
as 10 wt%, 20 wt% and 30 wt% Pd nanoparticles supported on Co3O4. Unlike the pure Fe3O4
nanoparticles, the Co3O4 nanoparticles exhibit a significant activity for CO oxidation with T50
(the temperature at which CO conversion reaches 50%) and T100 occurring at 115 ̊ C and 140 ̊ C,
respectively. The same trend of increasing catalytic activity with increasing the Pd wt% in the
catalyst is also observed in the Pd/Co3O4 system as in the Pd/Fe3O4 system. However, significant
activity is observed for the 20 wt% Pd/Co3O4 catalyst especially at lower temperatures. For
example, Figure 3-5 a shows a 10 % conversion of CO into CO2 at 70 ̊ C and a T50 of about 110 ̊
C for the 20 wt% Pd/Co3O4 catalyst. It appears that Co3O4 is responsible for the low temperature
oxidation of CO since this behavior is also weakly observed in pure Co3O4 nanoparticles as
shown in Figure 5(a). The lowest T100 is obtained at 128 °C for the 30 wt% Pd/Co3O4 catalyst,
similar to the 50 wt% Pd/Fe3O4 catalysts.
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This indicates that Co3O4 nanoparticles provide a more active support for the Pd
nanocatalyst than Fe3O4 nanoparticles, and hence a lower amount of the Pd nanoparticles can be
used to achieve the same T100. Also, similar to the result obtained for the 50 wt% Pd/Fe3O4
catalyst, the physical mixture of Pd and Co3O4 nanoparticles results in lower activity than that of
the supported 50 wt% Pd/Co3O4 catalyst, as shown in Figure 3-5 b, indicating that the
simultaneous reduction of Pd and Co nitrates under MWI produces supported Pd nanoparticles
on the Co3O4 nanoplates and not simply a mixture of Pd and Co3O4 nanoparticles.
It is also obvious that the best catalytic activity was reached when preparing the catalyst
in situ as conversion of carbon monoxide to carbon dioxide started at 100 ̊ C and complete
conversion was at 127 ̊ C for the catalyst 30 wt % Pd – 70 wt % Co3O4. While other methods like
physical mixing either solution or solid and also annealing in hydrogen at 400 ̊ C for three hours
did not improve the catalytic activity.

Figure 3-6 TEM – images of nanoparticles prepared by HH reduction under MWI of (a)
Pd, (b) Co3O4, and (c) 30 wt% Pd/Co3O4
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3.4.3

Characterization of Pd – Ni (OH)2
Figure 3-7a displays the XRD patterns of the Pd, Ni(OH)2, 30 wt% Pd/ Ni(OH)2, 50 wt%

Pd/Ni(OH)2 and 70 wt% Pd/Ni(OH)2 nanoparticles prepared by the HH reduction under MWI.
The palladium shows the typical sharp diffraction peak at 2θ = 40 .̊ The 100% Ni(OH)2
nanoparticles show the characteristic peaks for the hexagonal phase (ICCD-00-001-1047). Small
diffraction peaks due to Ni(OH)2 can be observed in the XRD pattern of the 30 wt% Pd/ Ni(OH)2
sample as shown. However, for samples containing more than 30 wt% Pd, the XRD patterns are
dominated by the Pd diffraction peaks. It is obvious that using nickel as a support for palladium
didn’t make any enhancement for the catalytic activity for the catalyst. While the ratio of (50 wt
% Pd: 50 wt % Ni (OH)2) was better than the ratios of 100 wt % Pd, (30 wt % Pd: 70 wt % Ni
(OH)2), and (70 wt % Pd: 30 wt % Ni (OH)2) respectively but it still less active than the catalyst
(30 wt % Pd – 70 wt % Fe3O4) and the catalyst (30 % Pd – 70 % Co3O4) which still our best
conditions as shown in Table 3-3.
Table 3-3 “CO oxidation as a function of temperature for the reactant gas mixture
containing 4.0 wt% CO and 20.0 wt% O2 for different catalysts of Pd supported on
Ni(OH)2”
wt % Pd in Ni(OH)2

T100% ( ̊ C)

5
10
20
30
50
70
100 (pure Pd nanoparticles)
0 (pure Ni(OH)2 nanoparticles)

240
206
195
188
168
184
179
244
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Also, as shown later in Figure 3-8a, it is obvious that using nickel hydroxide as a support
for palladium didn’t make any enhancement for the catalytic activity for the catalyst. While the
ratio of (50 wt % Pd:50 wt % Ni (OH)2) was better than the ratios of 100 wt % Pd, (30 wt %
Pd:70 wt % Ni (OH)2), and (70% Pd:30 % Ni (OH)2) respectively but it still less active than the
catalyst (30 wt % Pd – 70 wt % Fe3O4) and the catalyst (30 wt % Pd – 70 wt % Co3O4) which
still our best conditions. In previous Figures 3-7b, 3-7c, and 3-7d, Samples showed that the
binding energy of Ni 2p1/2, 2p3/2 was 873.7 and 855.75 eV indicating that most of the Ni was
present as Ni (OH)2 and Samples showed also that the binding energy of Ni 2p1/2, 2p

3/2

, and

2p3/2 was 872.07, 853.33 and 855.2 eV indicating that some Ni was present as NiO as shown.
Also, the binding energy of Pd 3d5/2 was 335.1 eV, and Pd 3d3/2 was 340.35 eV indicating that
the Pd was present as Pd0. Similarly; the binding energy of Pd 3d3/2 was 341.4 eV, and Pd 3d5/2
was 336.7 eV indicating that the Pd was present as PdO. The ICP-OES was done for our best
samples in catalytic activity including palladium supported on iron oxide, cobalt oxide and nickel
hydroxide. The obtained data as shown in Table 3-4, showed that the weight ratio was confirmed
to be consistent with mixing ratios.
Table 3-4 “CO oxidation as a function of temperature for the reactant gas mixture
containing 4.0 wt% CO and 20.0 wt% O2 for prepared catalysts in comparison with
literature”

Catalyst
Pd –Fe3O4
Pd –Co3O4
Pd –Ni
(OH)2
Pd –Fe3O4
Pd –Al2O3
Pt –Al2O3

Wt% Pd
nanoparticles

Wt%
Fe3O4
nanoplated

Wt%
Co3O4
nanoplates

Wt%
Ni(OH)2
nanoplates

T50%
(̊C)

T100%
(̊C)

50
30

50
--

-70

---

105
110

127
127

50

--

--

50

160

168

112
150
169

125
154
176

By using different methods for preparation
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Figure 3-8 CO – Catalytic conversion of Palladium supported on Ni(OH)2 – (a) Different
Ratios, (b) Different mixing methods.
Figure 3-8a compares the catalytic oxidation of CO over Ni(OH)2 and Pd nanoparticles
as well as 30 wt%, 50 wt% and 70 wt% Pd nanoparticles supported on Ni(OH)2. The pure
Ni(OH)2 nanoparticles show low activity for CO oxidation with T50 and T100 occurring at 213 ̊ C
and 244 ̊ C, respectively. This is very different from the activity of the Co3O4 nanoplates which
exhibit higher activities for CO oxidation with T50 and T100 occurring at 117 ̊ C and 140 ̊ C,
respectively. The activity of Pd/Ni(OH)2 nanoparticles does not show much improvement over
that of the unsupported Pd nanoparticles. For example, the best Pd/(NiO)2 catalyst (50 wt% Pd)
has T50 and T100 occurring at 162 ̊ C and 168 ̊ C, respectively which are not significantly different
from the T50 and T100 of unsupported Pd nanoparticles (150 ̊ C and 179 ̊ C, respectively).
This indicates a lack of favorable interactions between the Pd nanoparticles and the
Ni(OH)2 support. This is consistent with the similar activity shown for the 50 wt% Pd/Ni(OH)2
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catalyst and the physical mixture of Pd and Ni(OH)2 nanoparticles as shown in Figure 3-8b,
indicating that the simultaneous reduction of Pd and Ni nitrates under MWI produces weakly
interacting Pd nanoparticles and Ni(OH)2 nanoplates without strong catalyst-support interactions.
This is also consistent with the stronger interactions between the Pd nanoparticles and the iron or
cobalt oxide nanoparticles which can directly enhance the activity of the supported Pd/Fe3O4 and
Pd/Co3O4 catalysts for the catalytic oxidation of CO. While other methods like physical mixing
either solution or solid and also annealing in hydrogen at 400 ̊ C for three hours didn’t make
improvement to the catalytic activity. Generally, it is obvious that the annealing treatment of our
best samples did not improve the catalytic performance of the catalysts towards CO oxidation but
unfortunately makes it worse than the catalyst without annealing. Also, a comparison had been
made between three different methods of preparation of palladium supported on iron oxide,
cobalt oxide and nickel hydroxide. The obtained data as shown in Figures 3-1b, 3-5b, and 3-8b,
showed that mixing iron, cobalt and nickel nitrate with palladium nitrate in situ and then
applying reduction in microwave by the hydrazine hydrate as a strong reducing agent gave the
best results for complete carbon monoxide conversion into carbon dioxide. While; reducing each
of them separately and then adding the reduced solutions together gave worse results than the
previous case. But the worst case at all was when pre-prepared solids were added together as
shown in Table 3-5.
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Table 3-5 “CO oxidation as a function of temperature for the reactant gas mixture
containing 4.0 wt% CO and 20.0 wt% O2 for different prepared catalysts”

Catalyst

In Situ

50 wt % Pd/Fe3O4
30 wt % Pd/Co3O4
50 wt % Pd/Ni (OH)2

127
127
168

Physical
Mixing
(Solution)
176
147
178

Physical Mixing
(Solid)
200
160
205

Figure 3-9 TEM – images of nanoparticles prepared by HH reduction under MWI of (a)
Pd, (b) Ni (OH) 2, and (c) 50 wt% Pd/Ni (OH) 2
Table 3-6 summarizes the catalytic activities of the Pd nanoparticle catalysts supported
on Fe3O4, Co3O4 and Ni(OH)2. Both the Pd/Fe3O4 and Pd/Co3O4 catalysts show high activity
mainly due to stronger interactions between Pd nanoparticles and the Fe3O4 and Co3O4
nanoplates. The Pd/Co3O4 catalyst shows improved activity over the Pd/Fe3O4 catalyst as
indicated by achieving the same T100 of 127 ̊ C for the 50 wt% Pd/ Fe3O4 catalyst but with only
30 wt% Pd in the 30 wt% Pd/ Co3O4 catalyst.
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Table 3-6 Temperatures at which CO conversion reaches 50% (T50) and 100% (T100) for
Pd, Fe3O4, Co3O4 and Ni(OH)2 nanoparticles as well as the supported catalysts Pd/Fe3O4,
Pd/Co3O4 Pd/Ni(OH)2.
Wt % Pd/Fe3O4

T50% ( ̊C)

T100% ( ̊C)

5
200
20
153
40
125
50
116
Wt % Pd/Co3O4
T50% ( ̊C)
10
127
20
105
30
113
Wt % Pd /Ni(OH)2
T50% ( C
̊ )
30
181
50
162
70
174
150
Pd nanoparticles
264
Fe3O4 nanoparticles
117
Co3O4 nanoparticles
213
Ni(OH)2 nanoparticles

204
157
130
127
T100% ( ̊C)
164
151
127
T100% ( ̊C)
188
168
184
179
273
140
244

Also, it is obvious from Figures 3-10a and 3-10b that palladium supported on cobalt
oxide is more efficient as a catalyst in CO oxidation catalytic activity than palladium supported
on iron oxide as it reduced the ratio of palladium to 30 wt % with cobalt instead of 50 wt % with
iron with nearly the same catalytic performance. While as shown in Figures 3-10c and 3-10d, it
is obvious that using a mixture of iron and cobalt oxides as a support for palladium didn’t make
any enhancement for the catalytic activity for the catalyst. While the ratio of (1:1) of iron to
cobalt was better than the ratios of (1:3) and (3:1) respectively but it still less active than or
nearly the same like (30 wt % Pd/Fe3O4). But the catalyst (30 wt % Pd/Co3O4) still our best
conditions as shown in figure 10b. While the ratio of (15:70) of iron to cobalt was better than the
ratios of (40:20) and (45:10) respectively but it still less active than (30 wt % Pd/Fe3O4). But the
catalyst (30 wt % Pd/Co3O4) still our best conditions as shown in Table 3-6.
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Figure 3-10 CO – catalytic conversion of (a) 50 wt % Palladium supported on Iron and
Cobalt oxide, (b) 30 wt % Palladium supported on Iron and Cobalt oxide, (c), and (d)
Palladium supported on different ratios of Iron and Cobalt oxide.
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Table 3-7 Temperature at which complete conversion of CO is recorded”

Catalyst

T100% ( ̊ C )

30 wt % Pd/Fe3O4
30 wt % Pd/Co3O4
(Pd:Fe3O4:Co3O4) - (15:15:70)
(Pd:Fe3O4:Co3O4) - (40:40:20)
(Pd:Fe3O4:Co3O4) - (45:45:10)
30 wt % Pd – Fe3O4: Co3O4 (3:1)
30 wt % Pd – Fe3O4: Co3O4 (1:3)
30 wt % Pd – Fe3O4: Co3O4 (1:1)

179
127
182
209
221
215
187
180

From Table 3-7, it is obvious that annealing attempts in H2 at 400 ̊ C for 3 hrs, which was
done to enhance the catalytic activity didn’t make any improvements in the catalyst.

Table 3-8 Temperature at which complete conversion of CO is recorded”
Catalyst

T100% ( ̊ C )

30 wt % Pd/Co3O4
30 wt % Pd/Co3O4 (annealed)
50 wt % Pd/Fe3O4
50 wt % Pd/Fe3O4 (annealed)

127 ̊ C
186 ̊ C
127 ̊ C
224 ̊ C

It is also obvious from Figure 3-11 that adding graphite oxide as a support to both
palladium-iron and palladium – cobalt systems not only

didn’t enhance the catalytic

performance but also made it worse than the case when catalyst was used without using graphite
oxide. The complete conversion of carbon monoxide to carbon dioxide happens at 235 ̊ C
compared to 127 ̊ C and 281 ̊ C compared to 127 ̊ C in case of (50 wt % Pd/Fe3O4) and (30 wt %
Pd/Co3O4) respectively as shown in Table 3-8.
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Table 3-9 Temperature at which complete conversion of CO is recorded”
Catalyst

T100% ( ̊ C )

50 wt % Pd/Fe3O4
30 wt % Pd/Co3O4
20 wt % (50 wt %Pd/Fe3O4)/GO
20 wt % (30 wt %Pd/Co3O4)/GO

127
127
235
281

% CO Conversion

100

20 wt % (1)/GO

90

20 wt % (2)/GO

80

50 wt % Pd/Fe3O4 (1)
30 wt % Pd/Co3O4 (2)
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Figure 3-11 Catalytic Oxidation of Carbon monoxide of Palladium-Iron and Palladium Cobalt supported on GO
Hence, it is obvious that palladium supported on cobalt is more efficient as a catalyst in
CO oxidation catalytic activity than palladium supported on iron as it reduced the ratio of
palladium to 30 wt % with cobalt instead of 50 wt % with iron with nearly the same catalytic
performance.
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3.4.4

Characterization of Fe3O4 Hexagonal Nanoplates
TEM micrographs images of magnetite hexagonal nanoplates both free-standing
free
and

supported on graphene sheets are shown in Figure 3-13 shows the Fe2p XPS spectrum
corresponding to as-synthesized
synthesized magnetite nanoplates prepared by HH reduction of iron nitrate
by MWI. The spectrum is featured with two peaks at binding energies of 710 and 724.5 eV
corresponding to Fe2p(3/2) and Fe2p(1/2), By adjusting the MWI time we produced Fe3O4
nanocrystals with nanoplate morphology with and without graphene and using different
precursors. A similar trend was also observed when Pd was introduced to the mixture.

Figure 3-12 shows TEM image of Pd/Fe3O4 free-standing (Figs. 3-12
12 a,
a 3-12b) and
supported on graphene (Figs. 3--12c). Figure 3-15 shows the XRD patterns of as-synthesized
as
magnetite nanoplates in different compositions with Pd and graphene. The XRD reflections can
be indexed to the inverse cubic spinel structure of Fe3O4.

Figure 3-12. TEM image of Fe3O4 hexagonal nanoplates free-standing
standing (a,b) and supported
on graphene sheets (c) prepared from iron nitrate by hydrazine hydrate reduction and
MWI.
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Figure 3-13

High-resolution
resolution Fe2p XPS spectrum of Fe3O4 prepared by MWI using

hydrazine hydrate showing peaks due to Fe III at 710 and 724.5 eV and the other two
peaks at 719 and 733.5 eV.

Figure 3-14. TEM image of Pd/Fe3O4 hexagonal nanoplates both free-standing
standing (a) and
supported on graphene sheets (b
(b-d)
d) prepared by hydrazine hydrate reduction and MWI.
MWI
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Figure 3-15. XRD patterns of (a) Fe3O4, (b) Fe3O4/graphene (c) Pd/Fe3O4, and (d)
Pd/Fe3O4/graphene prepared from iron nitrate by hydrazine hydrate reduction and MWI.

As can be seen from TEM, XPS and XRD studies, by MWI of iron nitrate in presence of
hydrazine hydrate, Fe3O4 forms hexagonal nanoplates similar to that formed by MWI of iron
acetylacetonate in presence of oleic acid/oleylamine mixture as described in the PhD dissertation
prepared by A. Zedan. However, magnetite hexagons prepared from nitrate source are smaller in
size compared to those prepared from acetylacetonate by MWI for 20 min as described in the
dissertation which could be due to the short microwave irradiation time. These results along with
results from similar work from our group confirm that morphology of growing magnetite
nanocrystals can be tailored by adjusting the reaction temperature or MWI time and precursors
molar ratios. The method can be also extended to synthesize a wide range of functional oxide
nanostructures of controlled size and shape. To further demonstrate the chemical structure and
provide an indirect evidence of the magnetite phase of the formed hexagonal nanoplates, some
results described in the dissertation prepared by A. Zedan (VCU, 2013) are reproduced for the
purpose of supporting our work.
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In their work, Zedan et al. prepared various shaped- and sized- Fe3O4 nanocrystals
individually and anchored to graphene by MWI of Fe (acac)3 precursors in benzyl ether and a
mixture of oleylamine and oleic acid, as summarized in Table 3-9. The MWI delivers a great
amount of heat that accelerate the decomposition of Fe (acac)3 precursors leading to the burst of
nucleation and further growth. When supersaturation is reached in reaction medium, the Fe-O
species start to cluster in the reaction medium of benzyl ether to give numerous nuclei. The
aggregation of these numerous nuclei above the saturation threshold leads to sintering resulting
in formation of primary Fe3O4 nanocrystals. The primary formed Fe3O4 nanocrystals are then
further grown by diffusion and stacking the respective atomic species derived from the partial
reduction and decomposition of Fe (oleate)3 in presence of oleylamine-oleic acid mixture onto
the primary nanocrystals.

Table 3-10. Summary of different Fe3O4 morphologies with corresponding experimental
parameters
Fe3O4 Shape
Tiny spheres
Tiny spheres
Spheres (small)
Spheres (large)
Cubes
Triangles
Spheres/RGO
Spheres/RGO
Cubes/RGO
Triangles/RGO
Hexgonal Plates
Hexagons/Graphene

OAm (mmol)
3.2
0
4.2
4.2
4.2
2.1
4.2
4.2
4.2
2.1
4.2
4.2

OAc (mmol)
0
4.2
5.6
11.2
2.8
2.8
5.6
5.6
2.8
2.8
5.6
5.6

As shown in Fig. 3-16, Fe3O4 nanoparticles prepared by MWI of Fe(acac)3 in benzylether
and using 3.2 mmol or 4.2 mmol of oleylamine or oleic acid, respectively, are spherical in shape.
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Figure 3-16 TEM images of spherical Fe3O4 nanocrystals prepared by MWI of Fe(acac)3 in
benzyl ether for 20 min.

Figure 3-17 TEM images of spherical Fe3O4/RGO nanocomposite structures prepared by
MWI of Fe(acac)3 in benzyl ether for 20 min using 4.2 mmol OAm and 5.6 mmol OAc and
in presence of GO/DMSO.
When the growth conditions of growing spherical Fe3O4 (4.2 mmol OAm/5.6 mmol OAc)
were altered by introducing GO suspension in DMSO
DMSO,, large single crystal of Fe3O4 hexagonal
nanoplates were successfully prepared. Some of these hexagonal nano
nanoplates
plates formed along with
the spherical Fe3O4 in presence of RGO are shown in TEM images displayed in Fig. 3-17. Lowresolution SEM images of Fe3O4 hexagonal nanoplates are shown in Fig. 3-18.
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Figure 3-18 Low-resolution
resolution SEM images of Fe3O4 hexagonal nanoplates wrapped in RGO
sheets and prepared from acetylacetonate
acetylacetonate.
It can be hypothesized that the prolonged microwave irradiation of reaction mixture leads
first to thermal decomposition of iron precursors in benzyl ether that serve as a high-boiling
high
point solvent.
When the supersatuartion is reached this triggers the formation of Fe3O4 nuclei followed
by the subsequent growth of these nuclei to primary nanoparticles. On the basis of the TEM
results combined with the experimental conditions, thermodynamic and kinetic factors could lead
to shape evolution at different stages of the microw
microwave irradiation process.
The adsorption of surfactants to different extents under different conditions combined
with altering the molar ratio between the two surfactants could play a crucial role in selective
passivation of different crystal planes and he
hence
nce different growth rates at those faces.
faces 201
This could stabilize the

14

facets of growing Fe3O4 nanocrystals and thus led to

termination or slower relative growth rate.
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3.5 Conclusions
In conclusion, a simple, versatile, and rapid method has been developed for the synthesis
of Pd nanoparticle catalysts supported on Fe3O4, Co3O4 and Ni (OH)2 nanoplates via microwave
irradiation. The important advantage of microwave dielectric heating over convective heating is
that the reactants can be added at room temperature (or slightly higher temperatures) without the
need for high-temperature injection. Furthermore, the same method can be used to synthesize
bimetallic nanoalloys supported on metal oxide nanoparticles as nanocatalysts for CO oxidation.
The current results reveal that the Pd/Co3O4 catalyst has particularly high activity for CO
oxidation as a result of the strong interaction between the Pd nanoparticles and the Co3O4
nanoplates. Optimizations of the size, composition, and shape of these catalysts could provide a
new family of efficient nanocatalysts for the low temperature oxidation of CO. We are currently
exploring the effects of MW frequency, duration, and solvent polarity on the morphology,
particle size, and shape of the supported metal nanoparticle catalysts.
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CHAPTER 4

Microwave-Assisted Synthesis of Pd-Fe3O4 Nanoparticles under

flow reaction conditions; an Efficient Highly Magnetic Catalyst for CO
Oxidation Catalysis
4.1 Overview
We have developed a facile microwave assisted reduction technique to prepare highly
active Pd/Fe3O4 nanoparticles (Pd/Fe3O4) for CO oxidation catalysis. The method involves
simultaneous reduction of the corresponding Pd(NO3)2 and Fe(NO3)3.9H2O under the microwave
irradiation conditions using Wave Craft’s microwave flow reactor called ArrheniusOne.
Hydrazine hydrate was used as the reducing agent under flow reaction conditions. The Pd/Fe3O4
nanoparticles have shown to exhibit extremely high catalytic activity for CO oxidation catalysis.
The remarkable catalytic activity of these materials can be attributed to the high degree of
dispersion and concentration ratio of the Pd nanoparticles deposited on the surface of magnetite
(Fe3O4) with a small particle size in all prepared catalysts ranging from 5-10 nm due to the
effective microwave assisted reduction method. These nanoparticles are further characterized by
variety of spectroscopic techniques including X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and transmission electron microscopy (TEM). The catalysis data revealed
that palladium supported on iron oxide catalysts showed remarkable high catalytic activity
towards CO-oxidation.
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4.2 Introduction
The metal oxide nano catalysts are of great importance in improving the thermal-catalytic
decomposition performance.43,

103, 114

The advanced and unique magnetic, electronic, and

catalytic properties of the materials in the nano scale attracted research centers to investigate this
area of science deeply.4, 44, 62-65 The catalytic effect of magnetic nanoparticles was an important
area of research due to its huge industrial applications.70-72
Compared to conventional methods used in synthesis of metal nanoparticles, MWassisted synthesis represents a unique approach that could be used for the synthesis of a variety
of nanomaterials including metals, semiconductors, bimetallic alloys, and metal oxides with
controlled shape and size without using high temperature or high pressure reaction conditions. In
case of using MW, the heating process is performed by the interaction of the permanent dipole
moment of the molecule with the high frequency electromagnetic radiation. Oxidation catalysis
usually requires the use of transition metals such as gold, palladium, ruthenium, platinum,
iridium, and rhodium.32-33 All oxidation catalysts work the same way to transform carbon
monoxide into carbon dioxide, thus reducing or eliminating the potential risk of CO inhalation.3438

Bimetallic nanoalloys for CO oxidation and Nanoporous magnetic iron oxide microspheres

have been successfully synthesized by the way of microwave heating.39-42 Microreactor
technology has the capacity to transform current batch nanoproduction practices into continuous
processes with rapid, uniform mixing and precise temperature control.202 Furthermore,
nanoparticles with smaller mean particle size and narrow particle size distribution had been
developed with continuous flow micro reactors compared to bulk batch reactors.203
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Continous flow microreactors has many advantages, such as easy control, high
temperature adaptability, high yield, and simple operation. But it has also some disadvantages
like wide size distribution as a result of poor mixing, contamination due to contact with channel
walls, and clogging.

4.3 Experimental
4.3.1

Chemicals and reagents
All chemicals used in our experiments were purchased and used as received without

further purifications. Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%) and hydrazine
hydrate (80%, Hydrazine 51%) were obtained from Sigma Aldrich. Deionized water (D.I. H2O, ~
18 MΩ) was used for all experiments. High-purity graphite powder (99.9999%, 200 mesh) was
purchased from Alfa Aesar.
A JEOL JEM-1230 electron microscope operated at 120 kV has been used to obtain
TEM images. The electron microscope is equipped with a Gatan UltraScan 4000SP 4K X 4K
CCD camera. TEM samples were prepared by placing a droplet of the prepared catalyst
dissolved in ethanol on a 300-mesh copper grid (Ted Pella) and then left to evaporate in air at
room temperature. The X-ray photoelectron spectroscopy (XPS) analysis was executed on a
Thermo Fisher Scientific ESCALAB 250 using a monochromatic Al KR X-ray. The samples
were perfectly fastened on an indium foil that was previously fixed on the carbon tape which in
turn was completely attached to the sample holder by a double face.
The X-ray diffraction patterns were measured at room temperature using X’Pert PRO
PANanalytical X-ray diffraction unit, with CuKα. For the CO Catalytic oxidation; tests were
carried out in a continuous fixed-bed quartz-tube reactor Type F21100 Tube Furnace under
ambient pressure.
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4.3.2

Synthesis of Pd-Fe3O4 under Batch Reaction Conditions
Fe (NO3)3.9H2O (90 mg, 0.223 mmol) was dissolved in deionized water (50 ml) and

sonicated for 1 h. then, Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%, 200 µl) was
added to the iron nitrate solution. Then, the whole mixture was stirred for 3 h followed by the
addition of the reducing agent hydrazine hydrate (1 ml) at room temperature and once the
solution was heated by microwave for (90) s under batch reaction conditions, the color changed
to dark black color, indicating the completion of the chemical reduction. Then, the final product
washed using hot deionized water 2-3 times, ethanol 2-3 times, and then dries in oven at 80˚C.

4.3.3

Synthesis of Pd-Fe3O4 under Flow Reaction Conditions
Different catalysts were prepared but using different method from the one used under

batch reaction conditions.
In this method, the catalysts were prepared under flow reaction conditions using Wave
Craft’s microwave flow reactor called ArrheniusOne as shown in Figure 4-1. This technique
was used to prepare the Pd/Fe3O4 catalyst in large amounts compared with small amounts that
was prepared under batch reaction conditions and also to produce a catalyst with the same
specifications each time of preparation to avoid problems of inconsistent performance and
specifications of catalysts that were prepared under batch reaction conditions. .
The ArrheniusOneTM unit is controlled and operated by the WaveCraft Control
Application (WCA) software program.
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Figure 4-1 WaveCraft's ArrheniusOne Microwave Flow Reactor
The apparatus consists of a microwave generator and a microwave applicator that
transfers the generated energy to the reaction mixture. A consumable tubular borosilicate reactor
vessel, available in different dimensions from 160 µL to 6 mL, is housed inside the applicator
through which the reaction mixture passes. The generator output of 0-150 W is linked with IR
sensor positioned along the reactor vessel while the microwave frequency is automatically
adjusted at 2.4-2.5 GHz. Five different catalysts were prepared under different reaction
conditions to investigate the optimum preparation method as in Tables 4-1, 4-2, and 4-3.

Table 4-1 Different Catalysts of Pd-Fe3O4 prepared at 80 ˚C under flow reaction conditions
Catalyst
Temperature (˚C)

1
80

2
80

3
80

4
80

Flow Rate of (Pd Nitrate - Fe Nitrate) (ml/min.)

0.5

1

0.5

1

Flow Rate of Hydrazine Hydrate (ml/min.)
(Pd Nitrate - Fe Nitrate) : Hydrazine Hydrate
T100% ( ̊ C )

0.5
0.5 : 0.5
254

0.5
1 : 0.5
200

1
0.5 : 1
190

1
1:1
168

80

Table 4-2 Different Catalysts of Pd-Fe3O4 prepared at 150 ˚C under flow reaction
conditions
Catalyst
Temperature (˚C)

6
150

7
150

8
150

9
150

Flow Rate of (Pd Nitrate - Fe Nitrate) (ml/min.)

0.5

1

0.5

1

Flow Rate of Hydrazine Hydrate (ml/min.)
(Pd Nitrate - Fe Nitrate) : Hydrazine Hydrate
T100% ( ̊ C )

0.5
0.5 : 0.5
210

0.5
1 : 0.5
177

1
0.5 : 1
160

1
1:1
137

Table 4-3 Different Selected Catalysts of Pd-Fe3O4 prepared under batch and flow reaction
conditions
Catalyst
Temperature (˚C)

4
80

5
120

9
150

10
100

Flow Rate of (Pd Nitrate - Fe Nitrate) (ml/min.)

1

1

1

Flow Rate of Hydrazine Hydrate (ml/min.)
(Pd Nitrate - Fe Nitrate) : Hydrazine Hydrate
Pd (0) %
Pd (II) %
T100% ( ̊ C )

1
1:1
61
39
168

1
1:1
69
31
150

1
1:1
72
28
137

Batch Reaction
Conditions
-81.6
18.4
128

In the axial field applicator the microwave field is generated in a coil surrounding the
flow reactor as shown in Figure 4-2a, 4-2b, allowing the microwave field to be concentrated
axially inside the coil. The coil is automatically tuned to maximize the heating in the reactor tube
by changing the frequency. Figure 4-2c shows that reactors of different sizes can be used by
changing the length and diameter of the coil in the applicator, allowing the optimization of
reaction conditions such as residence time and flow capacity. The physical shape of the antenna
determines the homogeneity of the microwave field. The reactor consists of a straight tube, made
of microwave-transparent borosilicate glass.
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As shown in Figure 4-2d, after running a synthesis the reactor will have residual pressure
due to the back pressure regulator. It is necessary to vent this pressure before disassembling the
reactor. To vent the over-pressure carefully remove the tubing at the inlet of the back pressure
regulator using suitable tools.

Figure 4-2 (a) Microwave Applicator, (b) Antenna Casing, (c) 3 mm borosilicate glass
reactor (d) Tube used for collecting the catalyst connected to a back pressure regulator
In all catalysts prepared, a solution of Fe (NO3)3.9H2O (90 mg, 0.223 mmol) was
dissolved in deionized water (50 ml) and sonicated for 1 h. Palladium nitrate (10 wt. % in 10 wt.
% HNO3, 99.999%, 200 µl) was added to the iron nitrate solution.
Then, the whole mixture was stirred for 3 h. Similarly, another solution of Hydrazine
Hydrate was mixed with deionized water to be used as a reducing solution for palladium nitrate –
iron nitrate solution. Different ratios of (Hydrazine Hydrate - deionized water) were prepared to
investigate the effect of reducing agent concentration. Ratios used were (1:0.5, 0.5:1, and 1:1),
and reaction was performed under 80 ˚C, 120 ˚C and 150 ˚C.
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The catalysts were prepared by injecting both (Hydrazine Hydrate - deionized water)
solution and (palladium nitrate – iron nitrate) solution through using pumps to T-Mixer where
they were mixed together before being introduced to the microwave applicator where the
reaction takes place inside 3 mm reactor equipped from both sides with end sleeves made of
Teflon material, for correct sealing of the fluidic system. It is remarkable to notice that the color
changed to dark black color, indicating the completion of the chemical reduction. Then, the final
product washed using hot deionized water 2-3 times, ethanol 2-3 times, and then dries in oven at
80˚C. Experiments for the CO catalytic oxidation were performed using a fixed bedprogrammable flow tube furnace reactor (Thermolyne 2100) 39. In a typical experiment, 20 mg
of the test catalyst was dispersed in glass wool and placed inside a Pyrex glass tube.
The sample and furnace temperatures were measured by a thermocouple placed in contact
with the catalyst bed and in the middle of the tube furnace, respectively. Signals from
thermocouples were processed using an SC-2345 data acquisition board. To plot temperatures
and other measurement parameters, a data acquisition software using Labview was utilized. A
gas mixture consisting of 4 wt % CO and 20 wt % O2 in balance helium was passed over the
sample at a flow rate of 100 cm3/min while the temperature was ramped. The flow rate was
controlled by a set of MKS digital mass flow meters. The conversion of CO to CO2 was
monitored using an online infrared gas analyzer (ACS, Automated Custom Systems Inc.) to
detect the exit gas, which is then vented to outlet. All the catalytic activities were measured after
heat treatment of the catalyst at 110 ̊ C in the reactant gas mixture for 15 min. in order to remove
moisture and adsorbed impurities.
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4.4 Results and Discussion
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Figure 4-3 CO – Catalytic conversion of Palladium supported on magnetite (Fe3O4)
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Pd/Fe3O4Preparation in Flow
at different Temperatures
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Figure 4-4 CO – Catalytic conversion of different catalysts of Pd/Fe3O4 catalysts 4, 5, 9 at
80, 120, 150 ̊C respectively
As shown in Figure 4-3 and Figure 4-4, the catalytic activity of different prepared
catalyst was evaluated towards CO oxidation catalysis. It was found that catalysts 4, 5, and 9 that
were prepared under the same reaction conditions except temperature that was varied as 80, 120,
and 150 ̊ C respectively. Catalyst 9 was found to be the best catalyst for catalytic performance as
the temperature at which CO was completely converted to CO2 was 137 ̊ C compared to 168 ̊ C
and 150 ̊ C in case of catalyst 4 and 5 respectively. This high catalytic activity of catalyst 9 that
was prepared under flow reaction conditions was very close to catalyst 10 that was prepared
under batch reaction conditions. Characterization of the Pd supported on Fe3O4 samples prepared
by MWI, method was examined in detail using XRD, XPS, and TEM analyses.
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Figure 4-5 (a) XRD Pattern of Palladium-Fe3O4 Catalysts
Generally as shown in Figure 4-5, the XRD pattern clearly indicates that the product is
enriched with Fe3O4 and Pd (0). The palladium shows the typical sharp diffraction peak at 2θ =
40 ̊. The XRD patterns indicate that the products were all (Fe3O4) magnetite with reference code
(ICCD-00-003-0863). It is also easily to notice that the sharp diffraction peak at 2θ = 40 ̊ which
is characteristic to palladium and also the characteristic peaks of Fe3O4 is shown as a sharp
diffraction peak at 2θ = 35 ̊.
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The diffraction peaks (2θ) of Pd- Fe3O4 at 40, 46.8, and 68.2 are ascribed to the (111),
(200), and (220) planed of Pd NPs which are similar to pure palladium and also to the peaks of
Pd- Fe3O4 as shown. Figure 4-6 and Figure 4-7 display representative TEM images of the PdFe3O4 catalysts that were prepared and tested for CO oxidation catalysis. The TEM images show
the presence of uniform well-dispersed Pd nanoparticles on Fe3O4.

However, the Pd

nanoparticles supported on magnetite prepared under flow reaction conditions as in catalysts 1,
4, 5, 6, and 9 that were shown in (Figure 4-6 a, b, c, d, e) respectively appear to be smaller than
those prepared under batch reaction conditions as in catalyst 10 (Figure 4-6f). From these TEM
images, it was found that Catalyst 1, the particle size of Pd was (4-6 nm) while it was (10-12 nm)
for magnetite as in Figure 4-6a. Catalyst 4, the particle size of Pd was (4-6 nm) while it was (1113 nm) for magnetite as in Figure 4-6b. Catalyst 5, the particle size of Pd was (5-7 nm) while it
was (12-14 nm) for magnetite as in Figure 4-6c.

Figure 4-6 TEM – images of Different Selected Catalysts
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Catalyst 6, the particle size of Pd was (6-8 nm) while it was (14-16 nm) for magnetite as
in Figure 4-6d. Catalyst 9, the particle size of Pd was (7-9 nm) while it was (16-18 nm) for
magnetite as in Figure 4-6e. Catalyst 10, the particle size of Pd was (12-14 nm) while it was (2830 nm) for magnetite as in Figure 4-6f. Also, a mapping was done for one of these TEM images
to confirm that Pd is supported on magnetite as it is obvious in Figure 4-6a, b.

Figure 4-7 TEM – images of Different Catalysts, (a) Catalyst 4, (b) Catalyst 5, (c) Catalyst
9, (d) Catalyst10
Generally it is obvious that catalyst 9 is the best one in dispersion of Pd nanoparticles on
the magnetite surface and also it has smaller particle size with respect to the catalyst that was
prepared under batch reaction conditions (Catalyst 10) which is a very important and decisive
factor in catalysis. This is very consistent with the catalytic activity data obtained from
experimental testing of these catalysts as previously mentioned in Table 4-3.
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Figure 4-8 TEM – images of Iron Mapping (a) Original Image, (b) Iron Only “white
sections”
Samples showed that the binding energy (the energy difference between the initial
and final states of the photoemission process) of Fe 2P 3/2 was 710.5 eV, indicating that the Fe
was present as Fe3 O4 and also the binding energy of Fe 2P 1/2 was 723.7 eV indicating that Fe
was present in the oxidation state of Fe3 O4 as shown in Figure 4-9a. It is so important to note
that in case of all catalysts as shown in Figure 4-9b, some of Pd is in form of PdO or (Pd+2) but
some of Pd is in the form of Pd0. Also; the binding energy of Pd 3d5/2 was 334.8, 335.14 eV,
and Pd 3d3/2 was 340.1, 340.57 eV corresponding to Pd0. Similarly; the binding energy of Pd
3d3/2 was 341.38, 343.2 eV, and Pd 3d5/2 was 336.23, 337.85 eV corresponding to Pd (II).
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(a) XPS-Fe2p, (b) XPS-Pd3d for different Pd supported on Fe3O4 catalysts.

Dashed lines show the locations of the 3d electron binding energies of Pd2+.
It is also interesting to notice the easy separation process of the catalyst during the
process of purification by washing with deionized water and ethanol via applying an external
magnetic field using a strong magnet due to the high magnetic properties of the palladium
supported on magnetite catalyst as shown in Figure 4-10 and Figure 4-13.
The magnetic properties of prepared catalysts were carried out by using Vibrating Sample
Magnetometer (VSM) analysis. Figure 4-11 presents the magnetic hysteresis loop of Pd - Fe3O4
and reveals the magnetic response of this catalyst to the varying magnetic field. This figure
simply shows the hysteresis curves obtained for Pd - Fe3O4 with an applied field sweeping from 40 to 40 kOe.
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Figure 4-10

(a,b) Catalyst after preparation. (c) Separating the catalyst using a strong

magnet.
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Figure 4-11 Magnetic hysteresis loops of Pd/Fe3O4 at room temperature after MWI
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Figure 4-12 Magnetic hysteresis loops of Pd/Fe3O4 at room temperature after MWI
As mentioned before, TEM images show that as temperature increases, the particle size
increases as well. So, it is obvious that catalyst prepared at 80 ˚C (catalyst 4) has a smaller
particle size than catalyst prepared at 120 ˚C (catalyst 5) which has also a smaller particle size
than catalyst prepared at 150 ˚C (catalyst 9). As a result, it can be observed that the saturation
magnetization decreased as the size decreased. This agrees with the known fact that the
magnetization of small particles decreases as the particle size decreases.204 In Figure 4-12, the
hysteresis loop of the prepared sample reveals superparamagnetic behavior at room temperature
with nearly zero coercivity and extremely low remnant magnetization values. The lack of
remaining magnetization when the external magnetic field is removed is in agreement with a
superparamagnetic behavior observed in magnetite nanosheets Fe3O4 decorated with Pd
nanoparticles.
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Figure 4-13 (a) Catalyst after preparation. (b) Separating the catalyst after washing by a
strong magnet.

4.5 Conclusions
In conclusion, an application for a novel nonresonance microwave applicator was
presented as the heating source in a continuous-flow synthesis system. The applicator was
designed for continuous-flow chemistry, to provide uniform heat over 3 mm section of a tubular
borosilicate reactor. Due to the possibility of varying the MW frequency between 2.4 and 2.5
GHz, efficient heating could easily be achieved up to 150 ̊ C.

Due to the excellent heating capacity, small-scale microwave batch experiments were
easily adapted to nonresonance MW assisted continuous-flow processing. The heating
performance with a range of different flow rates of reactants was investigated and demonstrated
the usefulness of the system in CO oxidation catalysis. The fast heating, small reactor volume,
and rapid change in reaction temperature in real time are unique features of this instrument.
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It is believed that the nonresonant CF-MAOS system presented here is an unprecedented
laboratory tool for safe and fast optimization of reaction conditions and scale-out synthesis. An
efficient magnetic catalyst has been developed and successfully synthesized using a reliable,
reproducible fast and simple method using microwave irradiation (MWI) approach.
This is a facile approach used for the synthesis of a well dispersed magnetically separable
palladium supported on magnetite, which can act as a unique catalyst against CO oxidation
catalysis due to the well dispersion of palladium nano particles throughout the magnetite surface.
The prepared catalysts are magnetic which is an advantage in the separation process of
catalyst from the reaction medium. The separation process is achieved via applying of strong
external magnetic field which makes separation process easy, reliable and environmentally
friendly. The catalytic activity performance of different prepared catalyst was evaluated towards
CO oxidation catalysis.
It was found that catalysts 4, 5, and 9 that were prepared under the same reaction
conditions except temperature that was varied as 80, 120, and 150 ̊ C respectively. Catalyst 9 was
found to be the best catalyst for catalytic performance as the temperature at which CO was
completely converted to CO2 was 137 ̊ C compared to 168 ̊ C and 150 ̊ C in case of catalyst 4 and
5 respectively. This high catalytic activity of catalyst 9 that was prepared under flow reaction
conditions was very close to catalyst 10 that was prepared under batch reaction conditions.
The typical synthesis was conducted under continuous flow reaction conditions by using
hydrazine hydrate (H.H) as a strong reducing agent for the reaction mixture under microwave
irradiation synthesis (MWI). The palladium played a crucial role in the catalytic CO oxidation at
low temperatures (100–137◦C).
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Such a catalytic activity is supposed to be connected with the reaction between oxygen
adsorbed on the reduced sites of the support and CO adsorbed on Pd at the metal–oxide interface.
The results would be useful for preparation of metal–oxide catalysts under continuous flow
reaction conditions with high performance at low temperatures.
By applying this method, the catalyst was prepared in larger amounts and in the same time
without any differences in catalytic activity from batch to batch. This technique was used to
prepare the Pd/Fe3O4 catalyst in large amounts compared with small amounts that was prepared
under batch reaction conditions and also to produce a catalyst with the same specifications each
time of preparation to avoid problems of inconsistent specifications of catalysts that is prepared
under batch reaction conditions.
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CHAPTER 5

Pd-based Catalysts Supported on Shape-Controlled CeO2 and

TiO2 for CO Oxidation
5.1 Overview
Research in nanocatalysis taregts the design of nanostructured catalysts for many
technological advances in chemical synthesis and processing, environmental detoxification and
improving air quality. Such catalysts should possess improved catalytic features such as low
temperature operation, stability, durability, selectivity and resistance to degradation and
poisoning

39

. One of the environmental issues that has been studied extensively is the catalytic

oxidation of carbon monoxide, mainly due the fact that CO is an odorless and invisible gas and
could be lethal even at the very low exposure levels

39

. There is a need for an inexpensive

catalyst meeting the requirement for ideal one to operate under ambient conditions for many
applications. Ceria constitutes one of the most important classes of the rare earth oxide
nanostructures.122, 205-206 Because of its unique redox properties, the high refractive index (1.6 – 2.5 at
633 nm), the strong absorption in the UV range, the high oxygen storage capacity, the optical
transparency in the visible range and the interesting catalytic and free radical scavenging properties,
cerium oxides structures have received a significant attention from the research institutes.207-215 They
have been extensively studied for application in fast ion conduction in solid oxide fuel cells, as
environmental heterogeneous catalysts support, oxygen pumps, in oxidation-resistance coatings,
three-way catalysts and diesel fuel, as UV absorbers in UV-blocking, gas sensing, fine chemical
synthesis, mechanical polishing, and recently in toxicity and biomedical applications.37-38, 123, 216-221
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5.2 Introduction
Research exploration in nanocatalysis can be roughly divided into four stages: catalyst
design and synthesis, characterization, implementation and exploring reaction kinetics and
mechanism. Obviously, the most important of these stages is the stage of designing and
synthesizing a particular proper catalyst that meets criteria required by a particular application.
Nevertheless, the understanding of the mechanisms of the catalytic reaction can help finding
better ways of catalyzing a particular reaction. With the fact that different catalyst supports
possess different activation energies, reducible metal oxides such as CeO2, TiO2, Fe3O4 and
Fe2O3 were found to be superior in catalyzing CO oxidation among others compared to
irreducible metal oxides such as Al2O3, SiO2 and ZrO2.
The metal oxide support involved in the reaction can directly catalyze activation of the
molecular oxygen

222

, favor electronic interaction with transition metal catalyst

223

or impose

strains on metal clusters 224. It is known also that metal support structures of nanocrystalline size
are more active than that with larger size. The two reducible metal oxides, CeO2 and TiO2 have
gained particular interest and accordingly are widely used in catalytic industry and as active and
thermally stable supports for noble and transition metal-based catalysts, such as Pd, Au and Cu.
A particular attention has been focused on the effect of the shape and preparation conditions on
the activity of the test catalyst. Over years numerous catalysts have been used for the CO
catalytic oxidation including Au and Pd-based catalysts. In particular catalysts that can catalyze
the oxidation reaction at low temperature have gained a special focus, mainly due to the potential
in industrial and environmental applications such as in pollution control devices and others. In
this work, the CO catalytic oxidation over Pd-supported on TiO2 and CeO2 of different shapes is
studied.
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For TiO2 catalysts, Pd activity is tested over TiO2 nanotubes and nanospheres and for
CeO2 catalysts, Pd activity is tested over CeO2 cubes and spheres. The effects of preparation
conditions and post-synthesis treatment are as well as the ratio of Pd loading upon the CO
oxidation activity were investigated.

5.3 Experimental
5.3.1

Chemicals and reagents
In this work, two different types of spherical CeO2 nanoparticles were used as precursor

to prepare ceria cubes. A one type is a commercial (Aldrich) ceria spheres and the second sample
is prepared in our laboratory. The second spherical sample was prepared as follows, a solution of
1.0 mmol of Ce(NO3)3.6H20 in 50 ml ethylenediamine (EDA) was aged under vigorous stirring
for 24 h. After complete washing and drying, a portion of the as-prepared powder was calcinated
by heat treatment in a muffle furnace under air. The furnace temperature was ramped to 450 ̊ C
at a rate of 25 ̊ C /min. and then held at 450 for 3 hours. The calcinated powder was then cooled
to ambient temperature and grinded.
For TiO2, commercial spherical TiO2 nanoparticles were purchased from Sigma and used
as precursors for the synthesis of TiO2 tubes.
An alkaline treatment of spherical nanoparticles precursor at temperature of 200 oC for 16
h was followed for the synthesis of CeO2 nanocubes and TiO2 nanotubes and shape
transformation of spherical samples. After preparation and drying, all samples were calcinated at
450 ̊ C for 3 hours.

The colloidal deposition of Pd nanospheres on the metal support (CeO2

spheres and cubes and TiO2 spheres and tubes) was achieved as follows: 100 mg of the solid
support was suspended in 100 ml deionized (DI) water and sonicated at room temperature for 15
min.
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A predetermined volume of NaOH aqueous solution was added to the obtained
suspension to adjust the pH and hence maximize Pd loadings. An appropriate amount of Pd
(NO3)2 10 wt. % dissolved in 10 wt. % nitric acid was added to the reaction mixture while
stirring. The mixture was then aged while stirring. After reaction is complete, the mixture was
centrifuged and the precipitate was washed three times in boiling DI water to remove unreacted
species and residual anions and finally was dried in oven at 80 ̊ C overnight. Upon drying and
grinding, part of the catalyst was calcinated for 2 h at 450 ̊ C and a comparison of CO catalytic
activity was studied for catalysts with and without calcination.
5.3.2

Characterization
Samples were characterized by XRD, TEM and XPS. The X-ray diffraction (XRD)

patterns of the powder samples were measured at room temperature with an X’Pert Philips
Materials Research diffractometer with Cu Kα1 radiation. Transmission electron microscopy
studies (TEM) were conducted using a Joel JEM-1230 electron microscope operated at 120 kV
equipped with a Gatan UltraScan 4000SP 4K × 4K CCD camera. Samples for TEM were
prepared by placing a droplet of colloid suspension in respective solvent on a Formvar carboncoated, 300-mesh copper grid (Ted Pella) and allowing them to evaporate in air at ambient
conditions. The X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo
Fisher Scientific ESCALAB 250 using a monochromatic Al Kα X-ray.
Experiments for the CO catalytic oxidation were performed using a fixed bedprogrammable flow tube furnace reactor (Thermolyne 2100) 39. In a typical experiment, 20 mg of
the test catalyst was dispersed in glasswool and placed inside a pyrex glass tube. The sample and
furnace temperatures were measured by a thermocouple placed in contact with the catalyst bed
and in the middle of the tube furnace, respectively.
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Signals from thermocouples were processed using an SC-2345 data acquisition board.
To plot temperatures and other measurement parameters, data acquisition software using Lab
view was utilized. A gas mixture consisting of 4 wt % CO and 20 wt % O2 in balance helium
was passed over the sample at a flow rate of 100 cm3/min while the temperature was ramped.
The flow rate was controlled by a set of MKS digital mass flow meters. The conversion of CO to
CO2 was monitored using an online infrared gas analyzer (ACS, Automated Custom Systems
Inc.) to detect the exit gas, which is then vented to outlet.

5.4 Results and Discussion
Ceria (CeO2) has been studied as a useful oxide additive for ceramics, glass polishers,
oxygen sensors, solid electrolytes and catalytic supports. CeO2 has the fluorite structure which is
stable even at high temperature. Figure 5-1 shows the XRD pattern of CeO2 spheres powder
precursor before the alkaline treatment. The XRD pattern after alkaline treatment, drying and
calcination for CeO2 cubes is shown in Figure 5-2.

Figure 5-1 XRD pattern of commercial spherical CeO2 nanoparticles.
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Figure 5-2 XRD pattern of CeO2 cubes prepared by alkaline treatment of commercial
spherical CeO2 nanoparticles.
The XRD patterns of CeO2 spheres prepared by EDA prior to alkaline treatment and
shape transformation (Figure 5-3) and after shape transformation into cubes (Figure 5-4). All
samples before and after the alkaline treatment exhibit XRD reflections that are assigned to the
typical fcc fluorite crystal structure, in an agreement with literature 225.

Figure 5-3 XRD pattern of calcinated CeO2 spheres prepared by EDA at 110 ̊ C as
precursors for cubic CeO2 nanoparticles.
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Figure 5-4 XRD pattern of CeO2 cubes prepared by hydrothermal alkaline treatment of
spherical CeO2 nanoparticles prepared previously by EDA
However, the XRD reflections of the two CeO2 cubes samples prepared by alkaline
treatment of CeO2 spheres are relatively narrower and sharper indicating that these CeO2 cubes
samples have higher crystallinity and probably larger in size. Figure 5-5, Figure 5-6 show TEM
images of CeO2 cubes prepared by hydrothermal alkaline treatment method (Figures 5-5b and
5-6,d-i) of both commercial CeO2 spheres (Figure 5-5,a) and CeO2 spheres previously prepared
by EDA-assisted solvothermal treatment (Figure 5-6,a-c).
As shown in the figures both commercial and EDA-prepared particles are spherical in
shape and are approximately 4-5 nm in size. Upon the alkaline treatment the shape
transformation of into cubic nanoparticles is clear in the TEM images. The formation of cubic
nanoparticles from nanospheres could result from the presence of cerium hydroxide species that
self-assemble via orientated attachments and grow into cubic shaped nanoparticles.
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Figure 5-5 TEM images of CeO2 cubes (a) prepared by alkaline treatment of commercial
spherical CeO2 nanoparticles (b
b).

Figure 5-6

TEM images of CeO2 cubes prepared by alkaline treatment of CeO2

nanoparticles which was previously prepared by EDA.
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Titania (TiO2), a semiconducting oxide, shows unique optical, electronic and electrical
properties and thus has been studied in many applications such as in photonics, solar cells, water
splitting, chemical sensing and heterogeneous catalysis

226

. TiO2 nanotubes in particular have

gained an increased attention due to the enhanced performance over spherical particles especially
in catalysis and photo degradation applications. Alkaline hydrothermal treatment has been shown
to provide an easy method to fabricate TiO2 nanotubes using TiO2 spherical particles as
precursors.

227

Figure 5-7 shows the XRD pattern of TiO2 spherical particles used as precursors

for growing titania nanotubes. The XRD of TiO2 nanotubes prepared by the hydrothermal
treatment of TiO2 spherical nanoparticles in NaOH is shown in Figure 5-8. The XRD reflections
can be indexed to the anatase phase as described in the literature 228.

Figure 5-7 XRD pattern of commercial spherical TiO2 nanoparticles (Sigma)
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Figure 5-8 XRD pattern of TiO2 nanotubes prepared by hydrothermal alkaline treatment
of commercial spherical TiO2 and calcinated at 450 ̊ C for 3 h
The treatment of spherical TiO2 particles with NaOH resulted in the rupture of
Ti-O-Ti bonds and formation of lamellar sheets which are converted into nanotubes at high pH
227

as can be seen clearly in TEM images of TiO2 before (Figure 5-9,a-c) and after hydrothermal

treatment in NaOH (Figure 5-9,d-i).
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Figure 5-9 TEM images of TiO2 nanotubes (d-i)
i) prepared by hydrothermal alkaline
treatment of spherical TiO2 nanoaprticles (a
(a-c).
Heterogeneous catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO2)
240
using metal-based
based catalysts has been studied extensively as a model reaction 229-240
.
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The popularity of CO oxidation as a model system stems from reaction simplicity where
only diatomic molecules are involved and product formation takes place over few steps.
It is also an important practical modality for CO removal in many environmental and
industrial applications such as air purification, closed-cycle CO2 lasers, polymer electrolyte
membrane (PEM) fuel cells,

241-242

purification of H2 from CO traces in H2 fuel cells, removing

toxic CO in effluents and car exhaust.

243

Oxidation of CO can be catalyzed with highly

dispersed noble transition metals, particularly Au, Pd and Ru, on various reducible oxides as
supports at low temperature. 244-246 Moreover, the sensitivity of CO molecules to the structure of
the surface can be used to probe active sites on metal surfaces, which can help understanding the
nature and mechanism of active coordination sites.

247

Adsorption of CO on the surfaces can be

simply traced by IR spectroscopy, among others. Nevertheless, a critical point in CO catalytic
oxidation is to develop simple strategies for preparing catalysts with higher reactivity and
stability by increasing the metal-support interaction. 248
Pd-based heterogonous catalysts integrated with Rh and Pt structures are widely used for
CO oxidation I catalytic converters since they show better durability in automotive exhaust
systems. Recently, heterogeneous catalysts that contain only Pd have been suggested as an
alternative for 3-way catalysts industry. Most Pd-based catalysts studied for CO oxidation are
supported on metal oxides such as TiO2, Al2O3, SiO2 and CeO2. The effects of different metal
oxides on the low-temperature CO oxidation and on Pd activity has been attributed to the varying
surface defects densities which determines the extent the CO and O2 are stabilized. 249
Catalysts investigated in this work were prepared by colloidal deposition of Pd on TiO2
and CeO2 nanostructures.
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The effect of the preparation conditions, loading percentages, post-synthesis treatment
and shape of the support on the catalytic activity of CO oxidation is investigated.
It is reported that the catalytic activity strongly depends on the nature of the catalyst
particles and dispersion which in turn is very sensitive to the procedure of preparation and pre-or
post-treatments.

250-256

Plots of CO conversion percentages versus temperature for different Pd

catalysts are shown in Figures 5-10, it can be seen that increasing the reaction temperature inside
the tube furnace leads to a gradual ramp in percentages of CO conversion.
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Figure 5-10 CO – Catalytic conversion of Palladium supported on (a) cubic CeO2
nanoaprticles, (b) spherical CeO2 nanoaprticles.
Generally, as using 5 wt% Pd (weight percent) the catalytic conversion was completely
reached at 158 ̊ C and 135 ̊ C in case of cubic and spherical nanoparticles respectively. While,
using 10 wt% Pd (weight percent) the catalytic conversion was completely reached at 125 ̊ C in
both cases of cubic and spherical nanoparticles.
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But, when using 20 wt% Pd (weight percent) the catalytic conversion was completely
reached at 165 ̊ C and 173 ̊ C in case of cubic and spherical nanoparticles respectively which may
be due to high percentage of palladium that may cause agglomeration.
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Figure 5-11 CO – Catalytic conversion of Palladium supported on (a) tubes of TiO2
nanoaprticles, (b) spherical TiO2 nanoaprticles.
Generally, as using 5 wt% Pd (weight percent) the catalytic conversion was completely
reached at 130 ̊ C and 208 ̊ C in case of tubes and spherical nanoparticles respectively. While,
using 10 wt% Pd (weight percent) the catalytic conversion was completely reached at 110 ̊ C and
153 ̊ C in case of tubes and spherical nanoparticles respectively. But, when using 20 wt% Pd
(weight percent) the catalytic conversion was completely reached at 104 ̊ C and 168 ̊ C in case of
tubes and spherical nanoparticles respectively.
So, it is obvious from Figure 5-11 that the shape of tubes of TiO2 shows higher catalytic
activity than spherical nanoparticles of TiO2.
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5.5 Conclusions
In conclusion, we report here a facile approach used for the synthesis of a well dispersed
palladium supported on different shapes of, which can act as a unique catalyst against CO
oxidation catalysis due to the well dispersion of palladium nanoparticles throughout the support
surface. We show here the fact that different catalyst supports possess different activation
energies, reducible metal oxides such as CeO2, TiO2 were found to be superior in catalyzing CO
oxidation among others compared to irreducible metal oxides such as Al2O3, SiO2 and ZrO2 as
mentioned in literature. The two reducible metal oxides, CeO2 and TiO2 have gained particular
interest and accordingly are widely used in catalytic industry and as active and thermally stable
supports for noble and transition metal-based catalysts, such as Pd, Au and Cu.
In this work, the CO catalytic oxidation over Pd-supported on TiO2 and CeO2 of different shapes
is studied. For TiO2 catalysts, Pd activity is tested over TiO2 nanotubes and nanospheres and for
CeO2 catalysts, Pd activity is tested over CeO2 cubes and spheres. The effects of preparation
conditions and post-synthesis treatment are as well as the ratio of Pd loading upon the CO
oxidation activity were investigated. It was possible to prepare different catalysts with different
catalytic activity and the optimum conditions of preparing these catalysts were achieved when 10
% Pd was supported on cubes and spheres of CeO2 as the complete conversion of carbon
monoxide to carbon dioxide could be achieved around 125 ̊ C. Also, it was possible to prepare
different catalysts with different catalytic activity and the optimum conditions of preparing these
catalysts were achieved when 20 %, 10 % Pd were supported on tubes and spheres of CeO2 as
the complete conversion of carbon monoxide to carbon dioxide could be achieved around 104 ̊ C,
153 ̊ C in case of tubes and spherical nanoparticles respectively.
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CHAPTER 6

Microwave-Assisted

Synthesis

of

Pd/Fe3O4

Nanoparticles

Supported on Graphene, an Efficient and Magnetically Recyclable
Catalyst for Suzuki Cross-Coupling Reactions under Batch Reaction
Conditions

6.1 Overview
Since its discovery in 2004, graphene has been one of the most widely studied materials
in all of science. Its unique structural and electronic properties have motivated the development
of new composite materials for nanoelectronics and related devices. However, it’s high thermal,
chemical and mechanical stability as well as its large surface area represents desirable attributes
as support layers for metallic nanoparticles in catalysis. One of the catalytic applications for
which graphene support systems have been shown to demonstrate significant advantages is in the
area of cross-coupling chemistry.
Palladium-catalyzed cross-coupling reactions have been of strategic importance in
organic synthesis since their discovery in the 1970s. These reactions have been widely used for
the assembly of complex organic molecules in a broad range of applications in the chemical and
pharmaceutical industries. They remain the method of choice for carbon-carbon bond formation.
Cross-coupling reactions have been most frequently practiced under homogeneous conditions
employing a ligand to enhance the catalytic activity and selectivity for specific reactions.
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However, the issues associated with homogeneous catalysis remain a challenge to
pharmaceutical applications due to the lack of recyclability and potential contamination from
residual metals in the reaction product. Product contamination is of particular importance in
pharmaceutical applications where this chemistry is practiced extensively. Ligand-free
heterogeneous palladium catalysis presents a promising option to address this problem as
evidenced by the significant increase in research efforts in this area. Therefore, the development
of highly active heterogeneous Pd nanocatalysts that can be easily separated from the reaction
medium and recycled is an important goal of nanomaterials research that is likely to have
considerable impact on cross-coupling applications in the future.
Recently, we reported the remarkable cross-coupling catalytic activity of palladium
nanoparticles deposited onto a graphene substrate. The catalyst was prepared from palladium
nitrate and graphene oxide using hydrazine hydrate as a reducing agent with microwave heating.
This procedure yielded highly uniform palladium nanoparticles which were evenly distributed
across the graphene surface. These catalysts demonstrated extremely high turnover frequencies
(108,000 h−1) for Suzuki cross-coupling reactions and could be recycled multiple times without
loss of catalytic activity. However, the isolation of these catalysts from the reaction mixture was
found to be quite difficult and time consuming. In order to address this issue, we hypothesized
that we could employ the same procedure to prepare bimetallic palladium, iron nanoparticles
supported on graphene sheets, which would provide a means to magnetically separate these
materials from the reaction mixture. Herein, we report on the preparation and characterization of
graphene supported Pd-Fe3O4 which exhibits excellent Suzuki cross-coupling catalytic activity
and can be magnetically separated from the reaction mixture and recycled multiple times without
loss of catalytic activity.
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In 2010 the Nobel Prize in chemistry was awarded to the formation of carbon-carbon
through palladium-catalyzed cross-coupling reactions. Metal-catalyzed carbon-carbon bond
forming reactions have rapidly become one of the most effective tools in organic synthesis for
the assembly of highly functionalized molecule.49 Palladium-catalyzed coupling reactions
provide outstanding widely applied tools in the field of organic synthesis.49,

54, 152

These

reactions have typically been carried out under homogeneous reaction conditions, which require
the use of ligands to solubilize the catalyst and broaden its window of reactivity.49, 144
However, the use of these catalysts under homogeneous conditions has limited their
commercial viability because of product contamination as a direct result of inability to
effectively separate the catalyst from the reaction product. The issue of product contamination is
of particular importance in pharmaceutical applications where this chemistry is practiced
extensively. Ligand-free heterogeneous palladium catalysis presents a promising option to
address this problem as evidenced by the significant increase in research activity in this area.49,
144

Most of research groups in both academia and industry focus now on using palladium not

only for the high stability of organopalladium compounds to water and air in most cases except
in some phosphane complexes but also in achieving mild reaction conditions that definitely will
minimize the formation of undesirable side products and, hence it becomes possible to achieve
high selectivity.75, 257-259 It is well known that using nano-sized particles increase the exposed
surface area of the active component of the catalyst, hence enhancing the contact between
reactants and catalyst dramatically in a way similar to that of the homogeneous catalysts.62, 80, 9496, 109, 260-263

Syntheses of nanoparticles with variable sizes have been intensively tried

particularly for magnetic iron oxides or magnetite (Fe3O4).6, 58, 82, 264
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These nanoparticles were used efficiently as magnetic recoverable catalysts for various
applications.265 Also, it is remarkable that iron amount added to some kinds of Pd-containing
catalysts may also have an influence on catalytic performance.266 In lab-scale experiments, the
magnetic catalyst can be collected by applying an external strong magnetic field via using a
strong magnet to be hold to the glass wall of the reaction flask and decanting the product
solution. After washing steps, the magnet was removed and the catalyst was dispersed in the
appropriate solvent to be used in the following experiment.71, 75-76, 129, 267 High catalytic activity,
ease of recovery using an external magnetic field and use of water as the solvent are additional
attributes of this catalytic system. Specifically, transition metal catalysts such as palladium,
copper, ruthenium, and nickel are used on silica, carbon based, magnetic nanoparticles and
polymer supports.93, 98, 140, 268-274
Recently, although the synthesis and applications of magnetic nanoparticles (MNPs) of
noble metal nanoparticles supported on graphene still a new area of research but it has attracted
more interest in catalysis research and have been used in some industrially important
reactions.264, 275-277

6.2 Introduction
Although the main disadvantage of using palladium in different reactions is due to high
price and toxicity of the metal residue which is critical especially in pharmaceutical industry but
these disadvantages could be minimized by using very small amounts of palladium catalysts
especially in medical and therapeutic applications and mainly in cross coupling reactions. Issues
associated with homogeneous catalysis remain a challenge to pharmaceutical applications of
these synthetic tools due to the lack of recyclability and contamination from residual metals in
the reaction products.34, 78, 267, 278-280
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As a result, enormous efforts had been exerted to perform complete and simple separation
of expensive noble metal catalysts from the desired products not only due to economic point of
view but also due to considerations related to product quality as in pharmaceutical
applications.263, 278, 281-282

So, the use of magnetic nanoparticles in catalysis is the magic key for

solving these problems due to its huge industrial applications. The advanced and unique
magnetic, electronic, and catalytic properties of the materials in the nanoscale attracted research
centers to investigate this area of science deeply.29, 32, 45, 63, 66-67, 71, 100, 126, 128
It is also remarkable that carbon materials has an increasing importance in catalytic
processes when used as catalyst supports but there is also an endless efforts to develop other
kinds of supports like metal oxides.6, 43, 59, 84, 271 Only recently both graphene (G) and graphite
oxide (GO) have been considered as potential support systems for palladium-catalyzed C–C
coupling applications. Due to the higher specific surface area (1500 m2/g, theoretical value 2600
m2/g) and thermal stability of graphene when compared to graphite oxide (surface area 200–400
m2/g).1, 22, 144-145, 194, 197
The aim of this study is to deposit metal nanoparticles on the surface of graphene sheets.
In order to prepare this magnetic catalysts; Palladium nitrate and iron nitrate are mixed with the
graphene oxide nanosheet surface, followed by microwave-assisted reduction in presence of
hydrazine hydrate. Chemical reduction methods using microwave heating have been employed
for the production of metal/metal-oxide nanoparticles supported on the defect sites of reduced
graphene oxide (GO) nanosheets. MWI has been demonstrated for the synthesis of a variety of
nanomaterials including metals, metal oxides, bimetallic alloys, and semiconductors with
controlled size and shape without the need for high temperature or high pressure.144-145
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The main advantage of MWI over other conventional heating methods is that the reaction
mixture is heated uniformly and rapidly. This has been demonstrated for the acceleration of
homogeneous catalysis in organic synthesis.

1, 144

In the present work, the Pd-Fe3O4/G

nanocatalysts were prepared using microwave irradiation (MWI) method. Due to the difference
in the solvent and reactant dielectric constants, selective dielectric heating can provide
significant enhancement in the transfer of energy directly to the reactants, which causes an
instantaneous internal temperature rise.20,

145, 149, 283

This temperature rise in the presence of

hydrazine hydrate as a reducing agent has provided a facile and efficient method by which
palladium ions and GO can be effectively reduced into a dispersion of metallic nanoparticles
supported on the large surface area of the graphene sheets. The reduction of GO by hydrazine
hydrate under MWI proceeds by rapid deoxygenation of GO to create C–C and C = C bonds.1, 20
Unlike conventional thermal heating, MWI allows better control of the extent of GO reduction
by hydrazine hydrates as both the MWI power and time can be adjusted to yield a nearly
complete concurrent reduction of GO, iron nitrate and the palladium salt. Supporting the metal
nanoparticles on the graphene sheets could prevent the formation of stacked graphitic structures
because the metal nanoparticles can act as spacers to increase the distance between the sheets.
This could lead to an increase in the surface area of the nanoparticle – graphene composites.1, 20
Good dispersion of the metal nanocrystals on the graphene sheets can be achieved by the
simultaneous reduction of the metal salts and GO during the MWI irradiation process.20, 144
This work is a kind of extension of our group previously work284 in preparing palladium
nanoparticles supported on graphene (Pd /G) as the separation and recycling process could be
done much easier by using magnetic nanoparticles and the same catalytic activity and
recyclability was also achieved.
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6.3 Experimental
6.3.1

Chemicals and reagents
All chemicals used in our experiments were purchased and used as received without

further purifications. Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%) and hydrazine
hydrate (80%, Hydrazine 51%) were obtained from Sigma Aldrich. Deionized water (D.I. H2O, ~
18 MΩ) was used for all experiments. High-purity graphite powder (99.9999%, 200 mesh) was
purchased from Alfa Aesar. Aryl bromide, bromobenzene and potassium carbonate were also
purchased from Aldrich and used as received. A mixture of ethanol-deionized water was used for
the Suzuki cross-coupling reactions.
A JEOL JEM-1230 electron microscope operated at 120 kV has been used to obtain TEM
images. The electron microscope is equipped with a Gatan UltraScan 4000SP 4K X 4K CCD
camera. TEM samples were prepared by placing a droplet of the prepared catalyst dissolved in
ethanol on a 300-mesh copper grid (Ted Pella) and then left to evaporate in air at room
temperature. The X-ray photoelectron spectroscopy (XPS) analysis was executed on a Thermo
Fisher Scientific ESCALAB 250 using a monochromatic Al KR X-ray. The X-ray diffraction
patterns were measured at room temperature using X’Pert PRO PANanalytical X-ray diffraction
unit. GC–MS analyses were performed on Agilent 6890 gas chromatograph equipped with an
Agilent 5973 mass selective detector. A CEM Discover microwave instrument was used for
cross-coupling reactions. The reactions were performed at operator selectable power output of
250 W.
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6.3.2

Microwave Synthesis of an Efficient Catalyst of Palladium Nanoparticles
Supported on Fe3O4, Co3O4, Ni (OH)2 for Suzuki Cross – Coupling
An efficient magnetic catalyst has been successfully synthesized using a reliable,

reproducible fast and simple method using microwave irradiation conditions. The prepared
catalysts are magnetic which is an advantage in the separation process of catalyst from the
reaction medium via applying a strong external magnetic field. What is reported here is a facile
approach used for the synthesis of palladium supported on iron oxides, cobalt, and nickel
hydroxide. Nanoparticles of magnetite (Fe3O4) and cobalt oxide Co3O4, and Nickel hydroxide
Ni(OH)2 have been prepared by a simple microwave heating method using Hydrazine hydrate as
a strong reducing agent for mixtures of palladium nitrate in combination with Fe (NO3)3.9H2O
and Co (NO3)2.6H2O that were successfully used as a source of iron and cobalt. Our catalyst
showed high catalytic activity towards Suzuki cross – coupling reaction with 100% conversion
for the catalyst first run.
6.3.3

Microwave Synthesis of an Efficient Catalyst of Palladium Nanoparticles with
Fe3O4, Co3O4, and Ni (OH)2 Supported on Graphene for Suzuki Cross – Coupling
Graphene oxide was prepared according to Hummers and Offeman method in which

oxidation of high-purity graphite powder (99.9999%, 200 mesh) was done using a mixture of
H2SO4/KMnO4. Graphite (4.5 g, 0.375 mol) and NaNO3 (2.5 g, 0.0294 mol) were mixed in a
conical flask. The mixture was kept in an ice bath under continuous stirring while adding conc.
H2SO4 (115 ml, 2.157 mol) followed by KMnO4 (15 g, 0.095 mol) which was slowly added over
2.5 h. Then, deionized water (230 ml) was slowly added to the above mixture and once the
mixture temperature became stable it was kept around 80 ̊ C. Then, after 20 min.; deionized
water (700 ml) were added followed by dropwise addition of (10%) H2O2 (20 ml, 0.667 mol).
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The resulting yellowish-brown cake of solid was washed several times with 1M HCl
followed by washing with hot deionized water. Then the poweder (graphite oxide) was dried
under vacuum overnight. Resultant graphite oxide could be readily exfoliated to completely
water dispersed graphene oxide (GO) by ultra-sonication. Four different catalysts were prepared
under the same reaction conditions as in Table 6-1.
Table 6-1 Different Catalysts of Pd-Fe3O4/G
Catalyst
Pd (%)
Fe (NO3)3.9H2O (%)
Graphite Oxide (%)
(Pd - wt %) using ICP-OES

1
50
50
48

2
20
20
60
13

3
6
34
60
4.8

4
10
30
60
6

Catalyst 1 was prepared without using GO support, to prepare catalyst 1, Fe (NO3)3.9H2O
(317.5 mg, 0.785 mmol) was dissolved in deionized water (50 ml) and sonicated for 1 h. then,
Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%, 1000 µl) was added to the iron nitrate
solution. Then, the whole mixture was stirred for 3 h followed by the addition of the reducing
agent hydrazine hydrate (1 ml) at room temperature and once the solution was heated by
microwave for (120) s , the color changed to dark black color, indicating the completion of the
chemical reduction. Then, the final product washed using hot deionized water 2-3 times, ethanol
2-3 times, and then dries in oven at 80˚C.
Catalyst 2 was prepared using GO support; to prepare catalyst 2, GO (60 mg) was
dispersed in 50 mL of water for 1 h in a sonication bath to produce aqueous dispersion of
graphene oxide. Then, deionized water (50 mL) in which appropriate amount of Palladium
nitrate (10 wt. % in 10 wt. % HNO3, 99.999%, 400 µl) and Fe(NO3)3.9H2O (127 mg, 0.314
mmol) were added and sonicated for 1 h, the solution was added to the aqueous dispersion of
graphene oxide (GO) and stirred for 3 h.
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After stirring the whole mixture for 3 h, the reducing agent hydrazine hydrate (2 ml) was
added at room temperature and once the solution was heated by microwave for (120) s and the
color changed to dark black color, indicating the completion of the chemical reduction. Then, the
final product washed using hot deionized water 2-3 times, ethanol 2-3 times, and then dries in
oven at 80˚C.
Catalyst 3 was prepared using GO support; to prepare catalyst 3, GO (60 mg) was
dispersed in 50 mL of water for 1 h in a sonication bath to produce aqueous dispersion of
graphene oxide. Then, deionized water (50 mL) in which appropriate amount of Palladium
nitrate (10 wt. % in 10 wt. % HNO3, 99.999%, 120 µl) and Fe(NO3)3.9H2O (216 mg, 0.534
mmol) were added and sonicated for 1 h, the solution was added to the aqueous dispersion of
graphene oxide (GO) and stirred for 3 h. after stirring the whole mixture for 3 h, the reducing
agent hydrazine hydrate (2 ml) was added at room temperature and once the solution was heated
by microwave for (120) s and the color changed to dark black color, indicating the completion of
the chemical reduction. Then, the final product washed using hot deionized water 2-3 times,
ethanol 2-3 times, and then dries in oven at 80˚C.
Catalyst 4 was prepared using GO support; to prepare catalyst 4, GO (60 mg) was
dispersed in 50 mL of water for 1 h in a sonication bath to produce aqueous dispersion of
graphene oxide. Then, deionized water (50 mL) in which appropriate amount of Palladium
nitrate (10 wt. % in 10 wt. % HNO3, 99.999%, 200 µl) and Fe(NO3)3.9H2O (190.5 mg, 0.471
mmol) were added and sonicated for 1 h, the solution was added to the aqueous dispersion of
graphene oxide (GO) and stirred for 3 h. After stirring the whole mixture for 3 h, the reducing
agent hydrazine hydrate (2 ml) was added at room temperature and once the solution was heated
by microwave for (120) s and the color changed to dark black color, indicating the completion of
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the chemical reduction. Then, the final product washed using hot deionized water 2-3 times,
ethanol 2-3 times, and then dries in oven at 80˚C.
6.3.4

General Procedure for Suzuki Cross-Coupling
The general procedure of different catalyst systems for Suzuki reactions was done by

applying the following procedure in which Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a
mixture of 4mL H2O:EtOH (1:1) and placed in a 10-mL microwave tube. To this were added the
aryl boronic acid (0.61 mmol, 1.2 eq.) and Potassium carbonate (1.53 mmol, 3 eq.) and finally
the palladium catalyst were then added with the previously mentioned prepared ratios.
Afterwards, the tube was sealed with cap and heated under microwave irradiation (250W, 2.45
MHz) at the assigned temperature and time. After completing the reaction duration, the reaction
mixture was poured into beaker. The progress of the reaction was monitored using GC-MS
analysis.
6.3.5

General Procedure for Catalyst recycling
Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture of 4mL H2O: EtOH (1:1)

and placed in a 10-mL microwave tube. To this were added the aryl boronic acid (0.61 mmol, 1.2
eq.) and Potassium carbonate (1.53 mmol, 3 eq.) and finally the palladium-magnetite on
graphene nanoparticles (Pd-Fe3O4/G) (3.5 mg, 2.55 µmol, 0.5 mol %) were then added. Then,
the tube was sealed with cap and heated under microwave irradiation (250W, 2.45 MHz) at the
assigned temperature and time. After the reaction completed, the progress of the reaction was
monitored using GC-MS analysis to an aliquot of the reaction mixture. After the reaction was
completed; the mixture was diluted with ethanol and shaken. Then, the solvent above the catalyst
was completely magnetically decanted and the catalyst was completely removed using external
strong magnet.
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Ethanol washing for the catalyst was repeated for 5 times to make sure that all products
were removed from catalyst surface. The catalyst was then transferred directly to another
microwave tube and fresh reagents were added for next run. This procedure of recycling the
catalyst was repeated for every run, the GC-MS was used to determine the percent conversion of
the product.

6.4 Results and Discussion
6.4.1

Palladium nanoparticles supported on Fe3O4, Co3O4, Ni (OH)2 supports for Suzuki
Cross – Coupling
The Suzuki cross coupling reaction of bromobenzene and phenyl boronic acid in a

mixture of H2O: EtOH (1:1) at different temperatures was investigated. As shown below in table
9; it illustrates the conversion of reaction for different loadings of the Pd/Fe3O4 catalysts. While
most ratios of the catalyst demonstrated different kind of activity toward Suzuki coupling. All Pd
supported on iron oxide catalysts show complete conversion (100%) of aryl bromide to the
biphenyl product within 5-10 min, at 120 oC. While there was no conversion at all when testing
100% Pd, Fe, Co catalyst for cross coupling and this may be due to the absence of any kind of
supports if this was compared to the palladium supported on iron oxide case. Similarly; the
Suzuki cross coupling reaction of bromobenzene and phenyl boronic acid in a mixture of H2O:
EtOH (1:1) at different temperatures was investigated. As it shown in Table 6-2 below, it
illustrates the conversion of reaction for different loadings of the Pd/Co catalysts. While most
ratios of the catalyst demonstrated different kind of activity toward Suzuki coupling. All Pd
supported on cobalt oxide catalysts show weak conversion (10%) of aryl bromide to the biphenyl
product within 5-10 min, at 80 oC. while there was no conversion at all when testing 100% Pd,
Fe, Co catalyst for cross coupling and this may be due to the absence of any kind of supports if
this was compared to the palladium supported on cobalt oxide case.
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It was noticed that the conversion was increased as the amount of palladium loading
increased until 85 % conversion was obtained within 10 min, at 120 oC in case of 30% Pd – 70%
Co. But increasing the palladium content didn’t enhance the conversion as in case of 50% Pd –
50% Co which was around 48% conversion. But in case of Pd supported on nickel hydroxide the
conversion was around 25 % as shown in Tables 6-2 and 6-3.
Table 6-2 Conversion percentage for different ratios of Pd-Fe3O4

Catalysts

40 wt% Pd/Fe3O4

mol%

Temp
(oC)

Time
(min.)

Conversion%

1

80 oC, µw

5

41

1

80 oC, µw

10

44

1

120 oC, µw

10

100

1

80 oC, µw

5

41

1

80 oC, µw

10

72

1

120 oC, µw

10

100

1

120 oC, µw

5

100

1

80 oC, µw

5

66

1

80 oC, µw

10

100

1

120 oC, µw

10

100

1

120 oC, µw

5

100

1

120 oC, µw

10

Conversion
‹ 40

20 wt% Pd/Fe3O4

50 wt% Pd/Fe3O4

100 % Fe3O4, Pd, Co3O4,
Ni (OH)2
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Table 6-3 Conversion percentage for different ratios of Pd – Co3O4

Catalysts

mol%

Temp
(oC)

Time
(min.)

Conversion%

10 wt% Pd/Co3O4

1

80 oC, µw

10

10

20 wt% Pd/Co3O4

1

120 oC, µw

5

23

Base

K2CO3
o

30 wt% Pd/Co3O4

1

120 C, µw

10

85

50 wt% Pd/Co3O4

1

120 oC, µw

10

48

Figure 6-1 General Recycling Process of magnetic catalysts
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6.4.2

Palladium – Fe3O4, Co3O4, Ni (OH)
Coupling

2

supported on Graphene for Suzuki Cross –

The Suzuki cross coupling reaction of bromobenzene and phenyl boronic acid in a
mixture of H2O: EtOH (1:1) at different temperatures was investigated
investigated. As shown below in table
11; it illustrates the conversion
sion of reaction for different types of the catalysts. While most ratios
of the catalyst demonstrated different kind of activity
ctivity toward Suzuki coupling. All PdPd Fe3O4 and
Pd- Co3O4 catalysts show complete conversion (100%) of aryl bromide to the biphenyl product
within 5 min, at 80 ̊ C.. while there was less catalytic activity in case of Pd
Pd- Ni (OH)2 .

Figure 6-2 TEM – images of (a) Pd
Pd-Fe3O4/G , (b) Pd- Co3O4/G, and (c) Pd-Ni(OH)
Ni(OH)2/G
From the TEM images in Figure 6-2, it is easy to remark the well dispersed
palladium nanoparticles of size (35 ± 2 nm) and (25 ± 2 nm) as in figures
figure 6-2a and 6-2b
respectively while for the same figures the size of Fe3O4 and Co3O4 was (52 ± 2 nm) and (45 ± 2
nm) respectively. The TEM images here is consistent with the experimental results that showed a
high catalytic
alytic activity in case of Pd/
Pd/Fe3O4 and Pd/Co3O4 supported on graphene
ene when compared
with and Pd/Ni (OH)2 supported on graphene which is probably due to the severe agglomeration
in the later case compared with the former case.
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Table 6-4 Conversion percentage for different ratios of Fe3O4, Co3O4, Ni (OH)2 supported
on Graphene
Catalysts

Mol%

Pd-Fe3O4/G

1

Pd-Co3O4/G

1

o

Pd-Ni (OH)2/G

1

o

Time
(min.)
5

Conversion%

C, µw

5

100

C, µw

5

Conversion ‹ 60

Temperature
(oC)
o
C, µw

100

Characterization of the graphene supported Pd-Fe3O4 samples prepared by the HH-MWI,
method was examined in detail using XRD, XPS, and TEM analyses. Here, we focus on the
characterization and catalytic activity of the Pd-Fe3O4 /G nanocatalysts. The palladium content in
Pd/Fe3O4 and three different Pd/Fe3O4/G catalysts was determined by means of inductively
coupled plasma (ICP-OES) and amounted to 48, 13, 4.8, and 6 wt %, respectively as shown in
Table 6-1.
Figure 6-3a displays the XRD patterns of the initial graphite powder, the prepared GO,
and Pd-Fe3O4/G prepared by the HH-MWI method. The initial graphite powder shows the typical
sharp diffraction peak at 2θ = 26.7 ̊ with the corresponding d-spacing of 3.34 ̊A. The exfoliated
GO sample shows no diffraction peaks from the parental graphite material and only a new broad
peak at 2θ = 10.9 ̊ with a d-spacing of 8.14 ̊A observed. This indicates that the distance between
the carbon sheets has increased due to the insertion of interplaner oxygen functional groups.
After MWI of the GO in the presence of HH as the reducing agent, the XRD of the
resulting graphene shows the disappearance of the 10.9 ̊ peak confirming the complete reduction
of the GO sheets. A similar XRD spectrum is observed for the Pd-Fe3O4/G sample prepared by
the simultaneous reduction of GO and palladium nitrate – iron nitrate mixture using HH under
MWI.
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The very small broad peak around 2θ = 26.7 ̊ in the Pd-Fe3O4/G sample could suggest the
presence of a minor component of multilayer graphene. The presence of Pd nanoparticles could
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Figure 6-3 (a) XRD Pattern of Graphite and Graphite Oxide (b) XRD Pattern of Fe3O4 ,
Palladium, Palladium-Fe3O4 , and catalysts 2, 3, and 4 (Palladium-Fe3O4 / Graphene)
However, the very weak intensity of the 2θ = 26.7 ̊ peak indicates that the extent of
multilayer graphene in the Pd-Fe3O4/G sample is insignificant. Generally, the XRD pattern in
Figure 6-3b clearly indicates that the product is enriched with Fe3O4 and metal Pd (0). The
palladium shows the typical sharp diffraction peak at 2θ = 40 .̊ The XRD patterns indicate that
the products were all (Fe3O4) magnetite with reference code (ICCD-00-003-0863). It is also
easily to notice that the sharp diffraction peak at 2θ = 40 ̊ which is characteristic to palladium
and also the characteristic peaks of Fe3O4 is shown as a sharp diffraction peak at 2θ = 35 ̊.
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The very small broad peak around 2θ = 26 ̊ in Pd- Fe3O4 /G sample could suggest the
presence of a minor component of multilayer graphene. The diffraction peaks (2θ)
(2
(2θ of Pd- Fe3O4
/G at 40, 46.8, and 68.2 are ascribed
cribed to the (111), (200), and (220) planed of Pd NPs which are
similar to pure palladium and also to the peaks of Pd
Pd- Fe3O4 as shown. Figures 6-4a,
6
b, c, and d
display representative TEM images of the Pd
Pd-Fe3O4 and Pd-Fe3O4/G catalysts. The TEM images
show
w the presence of uniform well
well-dispersed Pd-Fe3O4 nanoparticles on Graphene.

Figure 6-4 TEM – images of Different Catalysts Catalyst 1, (b) Catalyst 2, (c) Catalyst 3,
(d) Catalyst 4
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From these TEM images, it was found that for catalyst 1, the particle size of Pd was (26(
28 nm) while it was (48-500 nm) for magnetite as in Figure 6-4a. For catalyst 2, the particle size
of Pd was (14-16 nm) while it was (28-30 nm) for magnetite as in Figure 6-4b
b. For catalyst 3,
the particle size of Pd was (10-12
12 nm) while it was (22
(22-24 nm) for magnetite as in Figure 6-4c.
For catalyst 4, the particle size of Pd was ((4-6 nm) while it was (18-20 nm) for magnetite as in
Figure 6-4d.. So, generally it is obvious th
that catalyst 4 is the best one in dispersion of Pd – Fe3O4
on the graphene surface and also it has smaller particle size which is a very important and
decisive factor in catalysis. This is very consistent with the catalytic activity data obtained from
experimental
imental testing of these catalysts.

Figure 6-5 TEM – images of (a) Pd, (b) Fe3O4, (c) Pd-Fe3O4, (d) Pd-G,
G, (e) Fe3O4 – G, (f)
Pd-Fe3O4/G
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It is very interesting to note the role of Pd+2 in assisting the formation of magnetite
nanoparticles onto the surface of the nanosheets of graphene. Generally, it is clear from Figure
6-5 that palladium presence is a decisive factor in avoiding the agglomeration of products after
microwave-assisted reduction of graphene oxide with Fe+2 alone using hydrazine hydrate. To
differentiate between Pd, Fe3O4, and Graphene, TEM images were used to differentiate between
different shapes. As shown in Figure 6-5, all these catalysts were prepared under the same
conditions of preparation to make use of its TEM images as a reference for each catalyst in case
of using a combination of Pd, Fe3O4, and Graphene. From these TEM images, it was found that
the particle size of Pd was (15-17 nm) as in Figure 6-5a, Fe3O4 was (36-38 nm) as in Figure 65b, Pd - Fe3O4 was (15-17 nm) and (36-38 nm) as in Figure 6-5c, Pd - G was (8-10 nm) as in
Figure 6-5d, Fe3O4 - G was (30-32 nm) as in Figure 6-5e, Pd-Fe3O4-G was (4-6 nm) and (1618 nm) as in Figure 6-5f.

So, generally it was determined that the smaller particles are

palladium while the larger ones were for magnetite.
The XPS technique is more sensitive for the analysis of surface oxides than XRD. All the
samples had a C1s binding energy around 284.5 eV derived from the carbon contamination in the
analysis as shown in Figure 6-6a.
Samples showed that the binding energy (the energy difference between the initial and
final states of the photoemission process) of Fe 2P 3/2 was 710.5 eV, indicating that the Fe was
present as Fe3 O4 and also the binding energy of Fe 2P 1/2 was 723.7 eV indicating that Fe was
present in the oxidation state of Fe3 O4 as shown in Figure 6-6b.
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At.% ratio
0.72
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electrons binding energies, (b) XPS

spectra of Pd 3d 5/2 and Pd 3d 3/2 electrons binding energies for Palladium - Fe3O4 “ cat. 1”,
Palladium - Fe3O4 supported on graphene “cat. 2, 3, and 4”, (c) ) XPS spectra of C 1s
electrons binding energies for GO, Palladium-Fe3O4 supported on graphene “cat. 2, 3, and
4”.
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It is so important to note that in case of catalyst 2 as shown in Figure 6-6a, some of Pd is
in form of PdO or (Pd+2 ) but some of Pd is in the form of Pd0 . While, Figure 6-6b shows that
in case of catalyst 3, nearly all of Pd is in form of Pd (0) - which is consistent with the better
catalytic activity of catalyst 3 compared to catalyst 2. While, Figure 6-6a shows that in case of
catalyst 4 –also most of Pd is in the form of Pd0 which besides excellent dispersion of palladium
on graphene surface as shown previously in TEM images is consistent with experimental data
that reveals the excellent catalytic activity of this catalyst among all catalysts that were
investigated for Suzuki cross coupling reactions.
Also, the binding energies of Pd 3d5/2 was 334.8, 335.14 eV, and Pd 3d3/2 was 340.1,
340.57 eV corresponding to Pd0. Similarly, the binding energies of Pd 3d3/2 was 341.38, 343.2
eV, and Pd 3d5/2 was 336.23, 337.85 eV corresponding to Pd (II).
6.4.3

Recycling of Palladium – Fe3O4 / Graphene Catalysts
The Suzuki cross coupling reaction of bromobenzene and phenyl boronic acid in a

mixture of H2O: EtOH (1:1) at different temperatures was investigated for different types of the
catalysts. While most ratios of the catalysts demonstrated different kind of activity toward
Suzuki coupling. All Pd- Fe3O4 / G catalysts in general showed complete conversion (100%) of
aryl bromide to the biphenyl product within 5 min, at 80 ̊ C.
Table 6-5 display different catalysts that were tested. The palladium content in catalysts
was determined by means of inductively coupled plasma (ICP-OES) and amounted to be 4.8 wt.
% and 6 wt. % for catalysts 3 and 4 respectively. Table 6-5 shows also recycling experiments
with Pd/Fe3O4 and Pd- Fe3O4 /G catalysts using a concentration of 0.7 mol%.
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Br

B(OH) 2

Pd Cat.
K2CO3 3 eq.
H2O:EtOH (1:1)

Scheme 6-1 Suzuki cross-coupling reaction with Pd-Fe3O4/G
Table 6-5 Recycling experiments for different ratios of Pd-Fe3O4/G catalyst using a
concentration of 0.5, 1 mol %.a

Run

Conversion
(%)b Cat. 3

Conversion
(%)b Cat. 3

(0.5 mol %)

(1 mol %)

Conversion
(%)b Cat. 4
(0.5 mol %)

Conversion
(%)b Cat. 4
(1 mol %)

1

100

100

100

100

2

100

96

100

100

3

100

94

93

93

4

90

93

91

93

5

81

92

90

92

6

67

82

79

92

7

62

79

71

92

8

60

-

65

89

9

46

-

-

81

10

-

-

-

80

a

Bromobenzene (50 mg, 0.32 mmol), boronic acid (47 mg, 0.382 mmol, 1.2 eq.), potassium carbonate (133 mg, 0.96
mmol, 3
eq.), and Pd-Fe3O4/G (2.17 mg, 1.16 µmol, 0.5 mol%) or (4.34 mg, 2.32 µmol, 1 mol%) in 4 mL (H2O:EtOH)
(1:1) were heated at 80 ̊ C (MWI) for 10 min.
b

Conversions were determined by GC–MS.

It was also found as in table 2 that catalyst 4 shows more catalytic activity than catalyst 3.
As in case of using catalyst 3 with 0.5 mol % it could be recycled up to three times with 100 %
conversion; while using catalyst 4 with the same mole percentage could be recycled up to four
times with 100 % conversion. Also; by increasing the mole percentage to 1 mol %, catalyst 3
could be recycled up to five times with 100 % conversion; while using catalyst 4 could be
recycled up to seven times with 100 % conversion.
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The general procedure of catalyst recycling as discussed in details before is shown in
i
Figure 6-7.. It is interesting to notice the easy separation process of the catalyst by applying an
external magnetic field using a strong magnet.

Figure 6-7 (a) The mixture after reaction. (b) Separating the catalyst 4 from reaction
mixture by a strong magnet
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Figure 6-8 Magnetic hysteresis loops of Fe3O4 and Pd - Fe3O4 / G at room temperature
after MWI
The magnetic
tic properties of selected catalysts were carried out by using Vibrating Sample
Magnetometer (VSM) analysis. Figure 6-8 presents the magnetic hysteresis loop of Fe3O4 and
Pd - Fe3O4 / G and reveals the magnetic response of both of them to the varying magnetic field.
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Figure 6-8 simply shows the hysteresis curves obtained for Fe3O4 and Pd - Fe3O4 / G
with an applied field sweeping from -30 to 30 kOe.
The hysteresis loops of prepared samples
amples reveal superparamagnetic behavior at room
temperature with nearly zero coercivity and extremely low remnant magnetization values. The
lack of remaining magnetization when the external magnetic field is removed is in agreement
with a superparamagneticc behavior observed in graphene nanosheets decorated with Pd-Fe3O4
nanoparticles.

Figure 6-9 TEM images of Pd--Fe3O4/G after the 6th run for (a) catalyst 3 and (b) catalyst 4.
It also remarkable that using the catalyst for more recycles still give a remarkable
catalytic activity of 80 % for run 10. The activity of catalyst 3 dropped in run 8 and 9, showing
only 60 % and 46 % conversions, respectively. But in case of catalyst 4;; the activity dropped
droppe in
run 8 and 10, showing 89 % and 80 % conversions, respectively. TEM images of Pd-Fe
Pd 3O4/G
can be an evidence for deactivation that happens to catalysts after 8th run, which clearly
demonstrates the agglomeration and accumulation of both Pd and Fe3O4 nanoparticles on the
surface of graphene as shown in Figure 6-9.
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These results indicate that the mechanism of deactivation of the catalyst is likely to
involve the formation of aggregated Pd and Fe3O4 nanoparticles which result in decreasing the
surface area and the saturation of coordination sites. The leaching of Pd from the Pd/Fe3O4/G
catalyst was also investigated; the Pd concentration in the product solution after first run
followed by magnetic separation using a strong magnet was monitoredusing ICP-MS that
showed that the Pd concentration was 25 ppb. This value is lower than any other value that had
been reported before.277

6.5 Conclusions
Graphene is a unique high surface area support for metallic and bimetallic nanoparticle
catalysts for a variety of important chemical transformations. In addition to the large surface
area, the high thermal, chemical, and mechanical stability make graphene an excellent catalyst
support. Furthermore, structural defects in the graphene lattice can be useful in anchoring the
metal nanoparticles to the graphene surface thus achieving new surface functionalities with
tunable metal-support interaction. Several studies have demonstrated unusual catalytic activity
for metallic and bimetallic nanoparticles supported on the defect sites of the graphene
nanosheets. An efficient magnetic catalyst has been successfully synthesized using a reliable,
reproducible fast and simple method using microwave irradiation (MWI) approach. Microwave
irradiation (MWI) method is considered a facile approach used for the synthesis of a well
dispersed magnetically separable palladium-magnetite supported on graphene, which can act as a
unique catalyst against carbon-carbon cross-coupling due to the well dispersion of palladium
nano particles throughout the magnetite-graphene surface.
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Nanoparticles of Pd with magnetite (Fe3O4) and Cobalt oxide Co3O4 and supported on
graphene have been prepared by a simple microwave heating method using Hydrazine hydrate as
a strong reducing agent for mixtures of palladium nitrate in combination with Fe (NO3)3.9H2O
and Co (NO3)2.6H2O that were successfully used as a source of iron and cobalt.
The prepared catalyst showed a remarkable catalytic activity towards Suzuki cross –
coupling reaction with 100% conversion for the catalyst first run. Furthermore, the prepared
catalyst could be easily recovered and recycled up to eight times with high catalytic activity near
100% in case of palladium – iron oxide supported on graphene under batch reaction conditions,
thus providing high economic viability. In summary, we have developed an efficient method to
generate highly active Pd-Fe3O4 nanoparticles supported on graphene by microwave assisted
chemical reduction of the corresponding aqueous mixture of a palladium nitrate, ferric nitrate
and dispersed graphite oxide sheets. The bimetallic material offers a number of advantages
including high reactivity, mild reaction conditions and short reaction times in an environmentally
benign solvent system.

Furthermore, the magnetic properties imparted by the iron oxide

component of the catalyst enables the material to be easily isolated and recycled, thus greatly
simplifying the ability to purify the reaction product and recycle the catalyst. This catalyst also
provided excellent yields over a broad range of highly functionalized substrates.
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CHAPTER 7

Microwave-Assisted

Synthesis

of

Pd/Fe3O4

Nanoparticles

Supported on Graphene; an Efficient and Magnetically Recyclable
Catalyst used for Suzuki Cross-Coupling Reactions in a High
Temperature / Pressure Capillary Flow Reactor
7.1 Overview
A facile microwave assisted reduction technique has been developed to prepare a well
dispersed highly active Pd/Fe3O4 nanoparticles supported on graphene sheets (Pd-Fe/G), which
can act as a unique catalyst against Suzuki cross coupling reactions due to the uniform
decoration of palladium nanoparticles throughout the surface of magnetite - graphene.

The

method involves simultaneous reduction of the corresponding Pd (NO3)2 and Fe (NO3)3.9H2O in
the presence of graphene oxide (GO) sheets under the microwave irradiation conditions using
hydrazine hydrate as the reducing agent. The Pd-Fe3O4/G nanoparticles have shown to exhibit
extremely high catalytic activity for Suzuki cross coupling reactions under batch reaction
conditions.

The remarkable catalytic activity and recyclability of these materials can be

attributed to the high degree of dispersion and concentration ratio of the Pd/Fe nanoparticles
deposited on the surface of graphene with a small particle size of 3-6 nm due to the effective
microwave assisted reduction method. These nanoparticles are further characterized by variety
of spectroscopic techniques including X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), and transmission electron microscopy (TEM).

High-temperature/pressure organic

synthesis can be performed under continuous flow conditions in a stainless steel microtubular
flow reactor capable of achieving temperatures of 350 °C and 200 bar (X-Cube ™). Reaction
optimization was performed by changing the temperatures, pressures and flow rates “on-the-fly”.
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In general, the chemistry optimized under high-temperature microwave batch conditions could
be successfully translated to a scalable flow regime.

7.2 Introduction
In the present work, the Pd-Fe3O4/G nanocatalyst was prepared using microwave
irradiation (MWI) method. MWI has been demonstrated for the synthesis of a variety of
nanomaterials with controlled size and shape without the need for high temperature or high
pressure. The main advantage of MWI over other conventional heating methods is that the
reaction mixture is heated uniformly and rapidly as mentioned before.
The use of a microfluidics-based flow reactor (X-CubeTM) offers an elegant solution for
the problems that appear under batch reaction conditions. It is easy to be used as catalysts are
placed in CatCartTM cartridges. Moreover, it enables the synthesis of chemical libraries of a
great number of products in a short time and optimization of reaction conditions in minutes.
Here, the catalytic activity of the catalyst was evaluated on the cross-coupling reactions of
bromobenzaldehyde in the presence of phenyl boronic acid carried out in the flow reactor XCubeTM using PdFe3O4 / G catalyst as in Figure 7-1. A detailed investigation of the effects of
the changes in the reaction conditions (temperature, flow rate) has been carried out.

7.3 Experimental
7.3.1

Chemicals and reagents
All chemicals used in our experiments were purchased and used as received without

further purifications. Palladium nitrate (10 wt. % in 10 wt. % HNO3, 99.999%) and hydrazine
hydrate (80%, Hydrazine 51%) were obtained from Sigma Aldrich. Deionized water (D.I. H2O, ~
18 MΩ) was used for all experiments.
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High-purity graphite powder (99.9999%, 200 mesh) was purchased from Alfa Aesar.
Aryl bromide, bromobenzene and potassium carbonate were also purchased from Aldrich and
used as received. A mixture of ethanol-deionized water was used for the Suzuki cross-coupling
reactions. A JEOL JEM-1230 electron microscope operated at 120 kV has been used to obtain
TEM images. The electron microscope is equipped with a Gatan UltraScan 4000SP 4K X 4K
CCD camera. TEM samples were prepared by placing a droplet of the prepared catalyst
dissolved in ethanol on a 300-mesh copper grid (Ted Pella) and then left to evaporate in air at
room temperature. The X-ray photoelectron spectroscopy (XPS) analysis was executed on a
Thermo Fisher Scientific ESCALAB 250 using a monochromatic Al KR X-ray. The X-ray
diffraction patterns were measured at room temperature using X’Pert PRO PANanalytical X-ray
diffraction unit. GC–MS analyses were performed on Agilent 6890 gas chromatograph equipped
with an Agilent 5973 mass selective detector.
The X-Cube™ is a continuous flow reactor, capable of performing chemical reaction
under inert conditions, temperatures up to 200°C and pressures up to 150 bar. It has been
reported that carbon-carbon forming reactions are far more efficient on the X-Cube™ in
comparison to batch mode. The reaction solvent was allowed to flow through the X-Cube™
system for 10 minutes to equilibrate the filled CatCart as shown in Figure 7-1a , where the
catalyst were loaded using manual piston as shown in Figure 7-1b. A sample of the starting
materials in the reaction solvent was pumped through the X-Cube™, the total amount of product
mixture was collected to sample vial and the column was washed with the eluent to remove any
material still absorbed to the CatCart; the product mixture was analyzed by GC-MS, HPLC-MS
and NMR.
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Figure 7-1 (a) CatCart cartridge filled with catalyst. (b) Manual piston used for loading the
catalyst inside CatCart cartridge.
The microreactor system used for the studies is a high temperature, high pressure
microtubular flow unit that can be used for processing homogeneous reaction mixtures (X-Cube
Flash ), as in Figure 7-2. The reactor uses stainless steel coils of variable length that can be
TM

directly heated across their full length by electric resistance heating to temperatures up to 350 °C.
The reaction mixture is introduced to the reactor block containing the steel coils and a heat
exchanger via one (or more) standard HPLC pumps.285
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Figure 7-2 High-temperature/pressure capillary flow reactor (schematic).285
Conceptually similar continuous flow equipment has already been described in the late
1970s by Köll and Metzger. In these setups a stainless steel coil was combined with standard
HPLC equipment, i.e., pumps, pressure valves, etc., and a GC oven as a heat source to reach high
temperatures (340 °C) and pressures (250 bar) under continuous flow conditions.285
The instrument having the heating block, pressure sensors and back pressure
regulator, all controlled by the integrated controlling unit, can either work on its own with
independent HPLC pumps or with a dedicated pump unit when connected to an Ultra mobile PC
(UMPC) with touch screen controls. The exchangeable heating block contains stainless
steel coils (steel type SX 316L, i.d. 1000 lm) of variable length. These coils are directly heated
across their full length by electric resistance, which heats to temperatures of up to 350 °C. The
temperature of the coils is measured by thermocouples attached to the outer surface of the
stainless steel tubing at two different points along the length of the coil.
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This will approximately reflect the temperature of the reaction mixture contained inside
the coils. Since the readout from the thermocouples is used to control the generator power
heating the coils, a genuine temperature feedback mechanism exists that can prevent unwanted
temperature rises inside the coils, e.g., as a result of exotherms or thermal runaways. The front
aluminum plate when fixed to the stainless steel housing serves as a heat sink or heat exchanger.
This heat exchange is efficient enough to cool the reaction mixture from high temperatures (>
300 °C) to room temperature within seconds and continuously for many hours. Naturally, the
stainless steel (SX 316L) components of the flow reactor are prone to corrosion if concentrated
acids, e.g., aqua regia, HCl, H2SO4, bromine, chlorine, etc., are used. However, dilute acids can
be used with caution and weak organic acids such as acetic acid can be employed at all
temperatures without fear of corrosion, even as neat solvents.285 The instrument can be operated
at flow rates from 0.1–9.99 mL/min (a maximum flow rate of 19.98 mL/min is attained by
employing both available HPLC pumps simultaneously), giving a wide range of residence times
utilizing the 4, 8 and 16 mL heating coils. In general, transformations requiring only short
residence times (< 30 min) can be performed in a single pass, but for longer reaction/residence
times, the option of multiple passes and closed-loop circulation for several hours can be
exploited. The pressure in the reactor is automatically maintained at the set value by the control
unit with the help of a backpressure valve.286
The pressure can be set between 50 and 200 bar either before the start of the reaction, or
can be increased to any higher value during the run. The stability of the instrument at the set
values of temperature and pressure can depend on the stability of the backpressure regulator,
which in turn may depend on many factors, in particular the state of the solvent at a particular
temperature/pressure regime.
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If the mixture in the reactor is not totally in the liquid state and/or a gas is being produced
for any reason, then to release the extra pressure, the valve has to open and close rhythmically to
maintain the set pressure value, and hence, avoid development of over pressure. As an extra
safety measure, the instrument stops heating until the set pressure is restored, and as a
consequence, the temperature also fluctuates. Since it is possible to both increase and decrease
the temperature and to increase the pressure and flow rate during a run “on-the-fly”, reaction
optimization studies can be performed with relative ease utilizing different temperatures keeping
the pressure and flow rate constant. Alternatively, the effects of changes in pressure and flow
rate can be studied by adding increments to the set values during a run and allowing the system
to become stable after attaining the new values.287 It is possible to use two pumps, one for the
reaction mixture and the second pump for the solvent, if a single batch is processed in an
automated fashion. However, for temperature effect studies or studies on the effect of pressure
and flow rate, where one or more of these parameters must be changed, or a range of different
samples differing in composition are processed, it is usually easier to work with one pump, by
unchecking the dialogue box for switching the pumps. In this mode the inlet tube must be
switched manually between the solvent flask and vials containing the reaction mixtures. Care
must be taken to avoid air locking of the pump while switching, especially if working at flow
rates higher than 2.5 mL/min.288
The performance of synthetic transformations in the X-Cube Flash reactor allows the
TM

use of extreme reaction temperatures (350 °C). In many instances, the stability of a particular
solvent in these reaction environments is unknown and needs to be carefully scrutinized before
attempting a chemical reaction.
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At higher temperature/pressures, many common organic solvents may decompose,
leading to degradation products that may influence the flow processes or producing precipitation
of solid particles in the flow system, ultimately leading to a blocking of the reactor. The same is
true for reagents, which may also have limited stability at high reaction temperatures.
As far as the stability of solvents is concerned, only limited data sets are available on the
stability of common organic solvents, in particular in the temperature range of 250–350 ̊ C285.
For this reason, the stability of a number of solvents has been examined under high
temperature processing conditions by passing the pure solvent through the X-Cube Flash reactor
using elevated temperature and pressure regimes, and monitoring any apparent decomposition
processes by HPLC and GC-MS analysis.
Similar screening experiments were performed for a variety of pure organic solvents in
order to obtain information about the maximum recommended temperature range for operation in
the X-Cube Flash reactor.
7.3.2

Synthesis of graphene oxide
Graphene oxide was prepared according to Hummers and Offeman method in which

oxidation of high-purity graphite powder (99.9999%, 200 mesh) was done using a mixture of
H2SO4/KMnO4. Graphite (4.5 g, 0.375 mol) and NaNO3 (2.5 g, 0.0294 mol) were mixed in a
conical flask. The mixture was kept in an ice bath under continuous stirring while adding conc.
H2SO4 (115 ml, 2.157 mol) followed by KMnO4 (15 g, 0.095 mol) which was slowly added over
2.5 h. Then deionized water (230 ml) was slowly added to the above mixture and once the
mixture temperature became stable it was kept around 80 ̊ C.
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Then, after 20 min., deionized water (700 ml) were added followed by dropwise addition
of (10%) H2O2 (20 ml, 0.667 mol). The resulting yellowish-brown cake of solid was washed
several times with 1M HCl followed by washing with hot deionized water. Then the poweder
(graphite oxide) was dried under vacuum overnight. Resultant graphite oxide could be readily
exfoliated to completely water dispersed graphene oxide (GO) by ultra-sonication.
7.3.3

Synthesis of Pd-Fe3O4 supported on Graphene
Catalyst was prepared using GO support; to prepare catalyst, GO (60 mg) was dispersed

in 50 mL of water for 1 h in a sonication bath to produce aqueous dispersion of graphene oxide.
Then, deionized water (50 mL) in which appropriate amount of Palladium nitrate (10 wt. % in
10 wt. % HNO3, 99.999%, 200 µl) and Fe(NO3)3.9H2O (190.5 mg, 0.471 mmol) were added and
sonicated for 1 h, the solution was added to the aqueous dispersion of graphene oxide (GO) and
stirred for 3 h. After stirring the whole mixture for 3 h, the reducing agent hydrazine hydrate (2
ml) was added at room temperature and once the solution was heated by microwave for (120) s
and the color changed to dark black color, indicating the completion of the chemical reduction.
Then, the final product washed using hot deionized water 2-3 times, ethanol 2-3 times, and then
dries in oven at 80˚C.
7.3.4

General Procedure for Suzuki Cross-Coupling
Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture of 4mL H2O: EtOH (1:1)

and placed in a 10-mL microwave tube. To this were added the aryl boronic acid (0.61 mmol, 1.2
eq.) and Potassium carbonate (1.53 mmol, 3 eq.) and finally the reactants mixture is introduced
to flow continuously over the palladium-magnetite on graphene nanoparticles (Pd-Fe3O4/G) (10,
25, 35, 50, 100 mg) that were previously loaded into CatCart cartridge, and heated at the
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assigned temperature and time. After the reaction completed, the progress of the reaction was
monitored using GC-MS analysis to an aliquot of the reaction mixture.

7.4 Results and Discussion
Characterization of the graphene supported Pd-Fe3O4 samples prepared by the HH-MWI,
method was examined in detail using XRD, XPS, and TEM analyses. Here, we focus on the
characterization and catalytic activity of the Pd-Fe3O4 /G nanocatalysts. The palladium content in
Pd/Fe3O4 and three different Pd/Fe3O4/G catalysts was determined by means of inductively
coupled plasma (ICP-OES) and amounted to 6 wt %.
Figure 7-3 displays the XRD patterns of the initial graphite powder, the prepared GO,
and Pd-Fe3O4/G prepared by the HH-MWI method. The initial graphite powder shows the typical
sharp diffraction peak at 2θ = 26.7 ̊ with the corresponding d-spacing of 3.34 ̊A. The exfoliated
GO sample shows no diffraction peaks from the parental graphite material and only a new broad
peak at 2θ = 10.9 ̊ with a d-spacing of 8.14 ̊A observed. This indicates that the distance between
the carbon sheets has increased due to the insertion of interplaner oxygen functional groups.
After MWI of the GO in the presence of HH as the reducing agent, the XRD of the
resulting graphene shows the disappearance of the 10.9 ̊ peak confirming the complete reduction
of the GO sheets. A similar XRD spectrum is observed for the Pd-Fe3O4/G sample prepared by
the simultaneous reduction of GO and palladium nitrate – iron nitrate mixture using HH under
MWI. The very small broad peak around 2θ = 26.7 ̊ in the Pd-Fe3O4/G sample could suggest the
presence of a minor component of multilayer graphene. The presence of Pd nanoparticles could
enhance the interaction among a few graphene layers.
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Figure 7-3 (a) XRD Pattern of Graphite and Graphite Oxide (b) XRD Pattern of Fe3O4 ,
Palladium, and (Palladium-Fe3O4 / Graphene) catalyst.
However, the very weak intensity of the 2θ = 26.7 ̊ peak indicates that the extent of
multilayer graphene in the Pd-Fe3O4/G sample is insignificant.
Generally, the XRD pattern clearly indicates that the product is enriched with Fe3O4 and
metal Pd (0). The palladium shows the typical sharp diffraction peak at 2θ = 40 ̊. The XRD
patterns indicate that the products were all (Fe3O4) magnetite with reference code (ICCD-00003-0863). It is also easily to notice that the sharp diffraction peak at 2θ = 40 ̊

which is

characteristic to palladium and also the characteristic peaks of Fe3O4 is shown as a sharp
diffraction peak at 2θ = 35 ̊. The very small broad peak around 2θ = 26 ̊ in Pd- Fe3O4 /G sample
could suggest the presence of a minor component of multilayer graphene.
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The diffraction peaks (2θ) of Pd- Fe3O4 /G at 40, 46.8, and 68.2 are ascribed to the (111),
(200), and (220) planed of Pd NPs which are similar to pure palladium and also to the peaks of
Pd- Fe3O4 as shown.
Figure 7-4 displays representative TEM images of the Pd-Fe3O4/G catalyst before and
after reaction. The TEM images show the presence of uniform well-dispersed Pd-Fe3O4
nanoparticles on Graphene. From these TEM images; it is obvious that the catalyst has excellent
dispersion of Pd – Fe3O4 on the graphene surface and also it has smaller particle size which is a
very important and decisive factor in catalysis. This is very consistent with the catalytic activity
data obtained from experimental testing of this catalyst under batch reaction conditions as
mentioned in the previous chapter. It is very interesting to note the role of Pd+2 in assisting the
formation of magnetite nanoparticles onto the surface of the nanosheets of graphene. Generally,
it is clear that palladium presence is a decisive factor in avoiding the agglomeration of products
after microwave-assisted reduction of graphene oxide with Fe+2 alone using hydrazine hydrate.
From these TEM images; it was found that the particle size of Pd was Pd was (4-6 nm) and
Fe3O4 was (16-18 nm) as shown in the previously mentioned figure.
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Figure 7-4 TEM images of Pd
Pd-Fe3O4 supported on Graphene (a) before the reaction, (b)
after the reaction.

Figure 7-5 (a) Catalyst after preparation. (b) Separating the catalyst using a strong magnet.
Figure 7-5 shows the unique magnetic properties of the Pd
Pd-Fe3O4 supported on Graphene
catalyst when using an external magnetic field.
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Figure 7-6 Magnetic hysteresis loops of Pd - Fe3O4 supported on Graphene.
The magnetic properties of catalyst were carried out by using Vibrating Sample
Magnetometer (VSM) analysis. Figure 7-6 presents the magnetic hysteresis loop of Pd - Fe3O4
supported on Graphene.
This figure simply shows the hysteresis curves obtained for Pd - Fe3O4 supported on
Graphene with an applied field sweeping from -30 to 30 kOe. The hysteresis loops of prepared
sample reveal superparamagnetic behavior at room temperature with nearly zero coercivity and
extremely low remnant magnetization values.
The lack of remaining magnetization when the external magnetic field is removed is in
agreement with a superparamagnetic behavior observed in graphene nanosheets decorated with
Pd-Fe3O4 nanoparticles.
The XPS technique is more sensitive for the analysis of surface oxides than XRD. The
Pd-Fe3O4/G had a C1s binding energy around 284.5 eV derived from the carbon contamination
in the analysis.
151

(a)

A fte r re a c tio n
P d + 2 (3 d 3 /2 )

Intensity (a.u.)

Intensity (a.u.)

Fe3O4(2P1/2)

(b )

Fe3O4(2P3/2)

2P1/2, Sat.

Pd

+2

(3 d

5 /2

)

B e fo re re a c tio n
0
5 /2
P d (3 d
)
P d 0 (3 d 3 /2 )

2P3/2, Sat.

740

730

720

710

700

Binding Energy (eV)

346

344

342

340

338

336

334

B in d in g E n e rg y (e V )

Figure 7-7 (a) XPS-Fe2p, (b) XPS-Pd3d before and after reaction for Pd - Fe3O4 supported
on Graphene.
Samples showed that the binding energy (the energy difference between the initial and
final states of the photoemission process) of Fe 2P 3/2 was 710.5 eV, indicating that the Fe was
present as Fe3 O4 and also the binding energy of Fe 2P 1/2 was 723.7 eV indicating that Fe was
present in the oxidation state of Fe3 O4 as shown in Figure 7-7a. Figure 7-7b shows that most of
Pd is in the form of Pd0 which besides excellent dispersion of palladium on graphene surface as
shown previously in TEM images is consistent with experimental data that reveals the excellent
catalytic activity of this catalyst among all catalysts that were investigated for Suzuki cross
coupling reactions as previously mentioned in chapter 7. The binding energies of Pd 3d5/2 was
334.8, 335.14 eV, and Pd 3d3/2 was 340.1, 340.57 eV corresponding to Pd0.
Similarly, the binding energies of Pd 3d3/2 was 341.38, 343.2 eV, and Pd 3d5/2 was
336.23, 337.85 eV corresponding to Pd (II) which as indication that Pd0 was converted to Pd (II)
after reaction was done as shown in Figure 7-7b.
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Actually this is also consistent with the results that confirmed that the catalyst was
catalytically deactivated which has been also explained due to the agglomeration that was
noticed on graphene surface after reaction was done as previously shown in TEM images as in
Figures 7-4a,b.
These TEM images clearly demonstrate the agglomeration and accumulation of the PdFe3O4 nanoparticles on the surface of graphene. This result indicates that the mechanism of
deactivation of the catalyst is likely to involve the formation of aggregated Pd nanoparticles
which leads to the decrease in the surface area and saturation of the coordination sites. After
completion of the experiments, the Pd-Fe3O4/G was separated from the cartridge for
characterization.
The reaction solution was analyzed by ICP-MS, and the palladium content in the solution
was determined to be 700 ppb. Such a small amount of leached palladium may argue against
complete heterogeneity of the catalytic system in this reaction. However, further evidence on the
nature of the catalytic mechanism is the failure to observe reactivity after the removal of the
supported nanoparticles from the reaction medium.284

Scheme 7-1 Suzuki cross-coupling reaction with Pd-Fe3O4/G
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In Scheme 7-1, 4-bromobenzaldehyde was selected instead of bromobenzene that was
selected before in Scheme 6-1 for two reasons, the first reason is to avoid homo coupling
reaction that may occur under these reaction conditions and the second reason is to avoid
formation of any solid products that may produced from this reaction under the reaction
conditions which may lead to clogging of tubes of instruments in which the reactants flow over
the catalyst. In addition to these precautions that were taken into consideration; different ratios of
solvent systems were investigated to find the optimum conditions under which we could run the
experiment with highest possible conversion.
Table 7-1 Conversion percentage using different ratios of solvent systems for Pd-Fe3O4/G
catalyst*
Run

Temp.
( C
̊ )

Mw. Time
(min.)

Solvent
(ml.)

Conversion
( %)

1

80

10

4

100

* 0.5 mol. % (Pd-Fe3O4 / G) Catalyst – Solvent ( C2H5OH : H2O = 1: 1)
0.5 mol. % (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 1 : 1 : 1)
0.5 mol. % (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 1.8 : 1.8 : 0.4) i.e ( C2H5OH : H2O : THF = 4.5 : 4.5 : 1).

So, as in Table 8-1, it was possible to obtain 100% conversion by changing the ratios of
water, ethanol, and THF to obtain the highest possible conversion with using the minimum
amount of THF to make sure that all products will be in liquid form to avoid any undesired solid
products that may cause clogging.
It is obvious from Table 7-2 below, that the screening experiments that were performed
in Table 7-1 were critical experiments as conversion is changing dramatically according to
several factors like reaction temperature, catalyst loading, and the most important factor which is
the solvent system ratios.
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Table 7-2 Conversion percentage using different reaction temperatures for Pd-Fe3O4/G
catalyst*
Run
1
2
3
4
5
6
7
8
9
10
11
12

Temperature
( C
̊ )
80
80
80
80
100
100
100
100
100
120
120
120

Flow Rate
(ml. /min.)
1
1
1
1
0.7
0.7
0.7
0.7
0.7
0.6
0.6
0.6

Amount
(ml.)
10
10
10
10
10
10
10
10
10
10
10
10

Conversion
( %)
53
17
14
13
31
15
14
13
9
18
15
12

* 50 mg of (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 1 : 1 : 1)

According to the data collected from previously mentioned experiments, beside solvent
system ratios; the catalyst loading amount should be varied to optimize the reaction conditions as
shown in Table 7-3.
It was found that increasing catalyst loading from 50 mg to 100 mg, increasing
temperature and decreasing the flow rate of reaction mixture over the catalyst in the CatCart
cartridge enabled us from increasing the conversion percentage. It could be possible to collect
about 30 mL of the product with conversion about 100%.
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Table 7-3 Conversion percentage using 80 ̊ C reaction temperatures for Pd-Fe3O4/G
catalyst*

Run

Temperature
( ̊C)

Flow Rate
(ml. /min.)

Amount
(ml.)

Retention
Time (min.)

Conversion
( %)

1

80

0.8

10

12.5

100

2

80

0.8

10

12.5

95

3

80

0.8

10

12.5

87

4

80

0.8

10

12.5

76

5

80

0.8

10

12.5

64

6

80

0.8

10

12.5

59

* 100 mg of (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 4.5 : 4.5 : 1)

In Table 7-4, it was found that increasing the reaction temperature from 80 ̊C to 100 ̊C
and decreasing the flow rate from 0.8 mL/min. to 0.7 mL/min. didn’t make any enhancement in
conversion percentage as it was still possible to collect about 28 mL of the product with
conversion about 100%.
Table 7-4 Conversion percentage using 100 ̊ C reaction temperatures for Pd-Fe3O4/G
catalyst*
Run
1
2
3
4
5
6
7

Temperature
( ̊C)
100
100
100
100
100
100
100

Flow Rate
(ml. /min.)
0.7
0.7
0.7
0.7
0.7
0.7
0.7

Amount
(ml.)
10
10
10
10
10
10
10

* 100 mg of (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 4.5 : 4.5 : 1)
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Retention
Time (min.)
14
14
14
14
14
14
14

Conversion
( %)
90
86
75
63
55
48
26

Table 7-5 Conversion percentage using 100 ̊ C reaction temperatures for Pd-Fe3O4/G
catalyst*

Run

Temperature
( ̊C)

Flow Rate
(ml. /min.)

Amount
(ml.)

Retention
Time (min.)

Conversion
( %)

1

100

0.6

20

33.3

98

2

100

0.6

20

33.3

97

3

100

0.6

20

33.3

90

4

100

0.6

40

66.6

76

5

100

0.6

20

33.3

62

6

100

0.6

20

33.3

44

7

100

0.6

20

33.3

24

* 100 mg of (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 4.5 : 4.5 : 1)

In Table 7-5, it was found that maintaining the reaction temperature at 100 ̊C and
decreasing the flow rate from 0.7 mL/min. to 0.6 mL/min. make a great enhancement in
conversion percentage as it became possible to collect about 60 mL of the product with
conversion about 100%.
Table 7-6 Conversion percentage using 100 ̊ C reaction temperatures for Pd-Fe3O4/G
catalyst*
Run

Temperature
( ̊ C)

Flow Rate
(ml. /min.)

Amount
(ml.)

Retention
Time (min.)

Conversion
( %)

1
2
3
4
5
6
7

100
100
100
100
100
100
120

0.5
0.5
0.5
0.5
0.5
0.5
0.5

20
20
20
20
20
20
20

40
40
40
40
40
40
40

100
96
46
20
20
20
27

* 100 mg of (Pd-Fe3O4 / G) Catalyst – ( C2H5OH : H2O : THF = 4.5 : 4.5 : 1)
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In Table 7-6, it was found that maintaining the reaction temperature at 100 ̊C and
decreasing the flow rate from 0.6 mL/min. to 0.5 mL/min. decreased the enhancement that was
achieved in conversion percentage as it became possible to collect just 40 mL of the product with
conversion about 100%. So, from the previous study it was finally deduced that the optimum
conditions to evaluate the catalytic activity of Pd-Fe3O4 supported on Graphene under
continuous flow reaction conditions using Thales Nano X-Cube flow reactor is using 100 mg of
catalyst in CatCart cartridge with a flow rate 0.6 mL/min. for the reactants over the catalyst
under 100 ̊C as a reaction temperature.

Catalyst Half Life

Percent Conversion

120
100
80
60
40
20
0
0

50

100

150

200

250

300

350

Time (min.)
Figure 7-8 Catalyst half life under optimum reaction conditions.
Figure 7-8 gives an overview about the catalyst half life under the optimum reaction
conditions that were previously investigated in Table 7-5. In this figure, it is obvious that the
catalytic activity of the catalyst was very high (about 100% conversion) during the first 90
minutes from starting the reaction and then started to decrease gradually.
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Table 7-7 Catalyst Loading Dependency for Pd-Fe3O4/G catalyst*
Catalyst Loading (mg)
Conversion (%) at Flow Rate (0.5 ml/min.)
Conversion (%) at Flow Rate (0.6 ml/min.)
Conversion (%) at Flow Rate (0.7 ml/min.)

100
100
98
90

50
73
68
58

25
64
56
48

10
43
28
17

Table 7-7 summarizes some of the critical data that was collected in the experimental work
done. It gives an overview of the relation between the catalyst loading in (mg) of catalyst and its
effect on the conversion percentage under different selected flow rates.

Catalyst Loading Dependency
120

Percent Conversion

100
100 mg Catalyst
80
50 mg Catalyst
25 mg Catalyst

60

10 mg Catalyst
40
20
0
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

Flow Rate (mL/min.)

Figure 7-9 Catalyst loading dependency under different reaction conditions.
Figure 7-9 gives an overview about the catalyst loading dependency under different reaction
conditions. From this figure, it is obvious that decreasing the flow rate for the same catalyst
loading lead to an increase in the conversion percentage while increasing the catalyst loading for
the same flow rate lead to an increase in the conversion percentage as well.
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7.5 Conclusions
We also developed an efficient magnetic catalyst which has been successfully
synthesized using a reliable, reproducible fast and simple method using microwave irradiation
(MWI) approach. We report here a facile approach used for the synthesis of a well dispersed
magnetically separable palladium-magnetite supported on graphene, which can act as a unique
catalyst against carbon-carbon cross-coupling due to the well dispersion of palladium nano
particles throughout the magnetite-graphene surface. The prepared catalysts are magnetic which
offers an advantage in the separation process of catalyst from the reaction medium. Our catalyst
showed high catalytic activity towards Suzuki cross – coupling reaction with 100% conversion
for the catalyst first run and could be recycled up to eight times with high catalytic activity near
100%. The separation process is achieved via applying of strong external magnetic field which
makes separation process easy, reliable and environmentally friendly. In summary, the flow
chemistry provided higher selectivity and conversion rate than conventional batch methods
within a shorter time.
In conclusion, we have shown that flow chemistry using X-Cube gave remarkable results
for evaluating the catalytic activity of our catalyst that was prepared under batch reaction
conditions towards Suzuki cross coupling reactions of 4-bromobenzaldehyde with phenyl
boronic acid. Reaction parameters (solvent, catalyst, temperature) were rapidly optimized in the
reactions. The short time of optimization allowed to a large number of optimizing reactions and
facilitated generalization of the experiences.
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CHAPTER 8

Laser Vaporization and Controlled Condensation (LVCC) of

Pd/GO and Pd-Fe3O4/GO for Suzuki Cross-Coupling Reaction

8.1 Overview
In this chapter, graphene supported nanoparticles were synthesized using Laser
Vaporization and Controlled Condensation (LVCC) for catalytic applications in the Suzuki
cross-coupling reaction. This method is generally one of the earliest methods for producing
nanoparticles by preparing it directly from a supersaturated vapor.9-13 There are some advantages
of using this technique like high purity of produced nano particles, producing films and coatings,
production of high density vapor of any metal within a short time (1014 atoms / 10 ns),
directional high speed vapor, simultaneous or Sequential evaporation of several metal targets or
alloys, formation of selected oxides, sub-oxides and non-stoichometric oxides by controlling the
partial pressure of oxygen, formation of nanoparticles of metals, oxides, alloys, filaments,
carbides, sulfides, etc.8, 16, 289-291 There is also some disadvantages like the high cost per gram of
material, difficulty to produce large quantities of materials. The LVCC method is based mainly
on nanoparticles formation through condensation from the vapor phase.14 In LVCC method, the
process consists of pulsed laser vaporization of a metal target into a selected gas mixture in a
cloud chamber. The laser vaporization produces a high-density vapor a very short time - “10-8 s”,
in a directional jet that allows the directed deposition process.17

161

Target

Figure 8-1 Experimental set-up for the synthesis of nano particles using LVCC 9-10
The previous sketch for the cloud chamber used in LVCC method shows that it consists
of two horizontal, circular stainless steel plates, separated by a glass ring. The metal target of
interest “Pd for example” is fixed on the lower plate, and the chamber is filled with a pure carrier
gas such as He or Ar (99.99 %) which are used because they are not reactive gases in case we
don’t need oxide formation which is happened in case of using a mixture containing a known
composition of a reactant gas (e.g O2 in case of oxides). It is important to maintain the metal
target and the lower plate at a temperature higher than that of the upper one. The top plate can be
cooled to less than 150 K by circulating liquid nitrogen (-150 – 0 K), and the lower plate (20-150
K). This large temperature gradient between the bottom and top plates results in a convection
current which can be enhanced by using a heavy carrier gas like Ar under high pressure
conditions of nearly 103 torr. Convection is important because it decreases the residence time by
making circulation. So, Ar is better than He as a carrier gas because it is heavier than He, hence
it convects more. The metal vapor is generated by pulsed laser vaporization using visible IR (532
nm) of YAG Laser (15-30 mJ/pulse, 10-8 s pulse).
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The laser beam is moved on the metal surface in order to expose new surface to the beam.
The role of convection in the experiments is to remove the small particles away from the
nucleation zone (once condensed out of the vapor phase) before they can grow into larger
particles. The rate of convection increases with the temperature gradient in the chamber.
Therefore, by controlling the temperature gradient, the total pressure and the laser power.
Generally this reaction utilizes pure Pd as the catalyst, which poses problems in recyclability and
recovery. The substitution with a heterogeneous Pd catalyst could improve these difficulties but
catalytic activity would be sacrificed. In an attempt to optimize recyclability, recovery and
catalytic activity, the effects of varying compositions of Pd and Fe with graphene support were
investigated with catalysis and characterized using UV-Visible Spectroscopy, Fourier
Transform-Infrared (FT-IR) Spectroscopy, X-ray Photoelectron Spectroscopy (XPS) as well as
tested for magnetic properties.

8.2 Introduction
Until recently, two-dimensional materials were considered thermodynamically unstable and
therefore could not exist. Then in 2004 the discovery of graphene quickly elevated it to a status
of potential wonder material for a wide range of technological applications.292 Graphene is a
two-dimensional carbon allotrope containing a single atomic layer of sp2 hybridized aromatic
carbons appearing as a honeycomb type structure.293 The potential of graphene in the scientific
community lies in its novel characteristics of being extremely thin, mechanically strong,
transparent, as well as possessing high electrical and thermal conductivities.264 These
characteristics differ from other carbon allotropes because of graphene’s two-dimensional
structure where electron movement is limited to a narrower space opposed to a three-dimensional
structure. 294
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There are a variety of methods for the preparation of graphene, among them is the reductions
of graphene oxide (GO) using LVCC. This method provides a less toxic and shorter time of
reaction than most conventional methods for the creation of graphene.295-296

The potential of

graphene as a support for Pd-catalysts in the Suzuki cross-coupling reaction can have many
advantages. The Suzuki cross-coupling is a catalyzed reaction between aryl boronic acid and an
aryl halide producing a biaryl compound.
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The benefits of graphene support are the provided

thermal and chemical stability and reusability with limited loss in activity. The catalytic activity
is greatly influenced by the size distribution of the Pd/G, the smaller the size of each particle the
larger the total surface area available becomes, increasing activity. After the exfoliation and
reduction of GO, graphene is left with several defects scattered across its lattice which promote
Pd-G interactions improving catalytic activity.22 These defects along with carbon bonding
provide an electron rich support which stabilizes the metal nanoparticles preventing them from
migrating and forming clusters that would decrease catalytic activity.151, 297
LVCC has the potential to create a smaller size distribution of the synthesized
nanoparticles on graphene support, which ultimately would increase the effectiveness of this
method for catalysis in the Suzuki cross coupling reaction. LVCC utilizes a high powered pulsed
laser to ablate a bulk sample as well as control over the temperature gradient—providing
convection, pressure, laser power and the atmosphere. The laser irradiates the target creating
high density vapor while the inert atmosphere and convection current prevent the vaporized
particles from growing into larger particles as they condense and deposit on the upper plate of
the chamber.298
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8.3 Experimental
8.3.1

Chemicals and reagents
Metal powders had been mixed according to calculations creating pellets with varying

compositions of Fe/GO, Pd/GO and Pd-Fe/GO consisting of Fe/GO (20 wt% Fe - 80 wt% GO),
Pd/GO (20 wt% Pd - 80 wt% GO), Pd-Fe/GO (15 wt% Pd - 5 wt% Fe - 80 wt% GO), Pd-Fe/GO
( 10 wt% Pd - 10 wt% Fe - 80 wt% GO), and Pd-Fe/GO (7 wt% Pd - 13 wt% Fe - 80 wt% GO).
The GO flakes received were cut into a fine powder using razors as to create a pellet with evenly
mixed particles. The aforementioned powders were then pressed into pellets using a manual
press.
The nanoparticles were synthesized using LVCC with a pulsed Nd: YAG laser (532 nm).
The target was placed in a metal holder adjusted to the focal point of the laser. The top plate was
screwed on top the quartz ring and a vacuum created inside the chamber reduced the pressure to
below 9 torr. This setup can be seen in Figure 8-2.

Figure 8-2 Setup of LVCC with N2 (l) and CO2 (s) 17
Once the pressure was stable, He gas was added to increase the pressure to 300 torr.
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Purging five times with He followed by a vacuum ensured there were no leaks or
contaminant gases left inside the chamber. After the final purge, the pressure was increase to 800
torr. Hot water was circulated around the bottom plate and N2 (l) was circulated over the top
plate providing convection as the metal vaporized. The bottom plate was warmed to above 50 ᵒC
and the top plate was cooled to below -30 ᵒC. The average temperature gradient created was
between 60 - 90 ᵒC. Before LVCC, the laser was switched from low power to its high energy qswitch mode and operated at 2 watts. As the target was ablated, the laser beam was adjusted
around the surface of the target and the pressure was maintained above 800 torr. After ablating as
much of the target as possible, paper towels were wrapped around the top plate and kimwipes
were placed around the quartz ring to absorb any further condensation.

8.4 Results and Discussion
The structures of graphene and graphene oxide can be visualized in Figure 8-1 where
graphene is shown to be a single layer of aromatic carbons and graphene oxide is composed of
aromatic carbon atoms as well as reactive oxygen based functional groups. The samples were
characterized using Fourier Transform-Infrared (FT-IR) and Ultraviolet-Visible Spectroscopy
(UV-Vis). Figure 8-3 shows the FT-IR spectra of graphene oxide prior to LVCC and the
samples after LVCC reduction. The spectrum for GO shows characteristic peaks at 3400 cm-1
corresponding to the O-H stretching vibrations, 1720 cm-1 corresponding to C=O stretching
vibrations, 1600 cm-1 corresponding to C=C stretching vibrations and 1075 cm-1 corresponding
to C-O stretching. In comparison, the spectra for the samples after LVCC show the complete
disappearance of stretching for related oxygen groups indicating the full reduction of graphene
oxide.
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Figure 8-3 (a) FT-IR spectra of GO and samples after LVCC reduction in He environment,
(b) UV-Vis Spectroscopy data of graphene oxide and samples after undergoing LVCC.

The GO spectrum contains a maximum at 231 nm corresponding to π→π* transitions of
aromatic C–C bonds, and a shoulder at 305 nm, which is attributed to n→π* transitions of C-O
bonds. After LVCC reduction, the UV-Vis spectra shows the maximum peak absorbance is
shifted from 231 nm to 273 nm for 20% Fe/ 80% G, 277 nm for 20% Pd/ 80% G and 285 nm for
5% Fe- 15% Pd/ 80% G. The shift to the higher wavelength indicating a lower energy
absorbance is due to the removal of the oxygen groups from graphene oxide during LVCC.
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Figure 8-4 XPS spectra of C1 binding energies for GO and sample after LVCC reduction
X-ray Photoelectron Spectroscopy (XPS) spectra in Figure 8-4 compares the C 1s
binding energies for GO and LVCC reduced samples. The GO spectrum shows peaks at 285 eV,
286.7 eV and 287.7 eV corresponding to the C=C, C-O and C=O groups, respectively. After
laser irradiation, C-O and C=O peaks are removed signifying the reduction of GO.
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Figure 8-5 contains XPS spectra of the Pd3d binding energies for 20% Pd - 80% G and
15% Pd- 5% Fe/ 80% G. The spectra indicates the presence of Pd0 after reduction due to the
binding energies observed at 341 eV (Pd0 3d3/2) and 336 eV (Pd0 3d5/2) which is consistent with
those found in literature.

Figure 8-5 (a) XPS spectra of Pd3d, (b) XPS spectra of Fe2p Binding Energies
Figures 8-5 a, b summarizes the XPS data of Fe2p for 20% Fe - 80% G and 15% Pd- 5%
Fe - 80% G. The spectra confirms the presence of Fe+3 due to the binding energies at 724 eV
(Fe+3 2p1/2) and 711.5 eV (Fe+3 2p3/2) which is consistent with those found in literature.
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The presence and strength of magnetic properties in Fe-G and Pd-Fe/G can be visualized
in Figure 8-6. Once a magnetic field is applied to the samples, a magnetic moment can be
observed due to the presence of Fe.
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Figure 8-6 Magnetic data for Fe (top), Fe/G (bottom left) and Pd-Fe/G (bottom right)
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Table 8-1 depicts the percent conversion obtained after each catalyst was tested in the
Suzuki cross-coupling reaction for two runs. The catalyst was subjected to reaction conditions at
80 oC using MWI for five minutes.

Br

B(OH)2 Pd-Fe/G Nanoparticles 0.5 mol%
K2CO3 3 eq.
H2O:EtOH (1:1)

Table 8-1 Data collected for recycling of LVCC prepared catalysts. The catalysis was run
for 5 minutes at 80 ̊ C using MWI

Catalyst

Run 1
(% Conversion)

Run 2
(% Conversion)

20%Fe – 80%GO

No Reaction

No Reaction

20%Pd – 80%GO

100

-

7%Pd – 13%Fe - 80%GO

93

37

10%Pd – 10%Fe - 80%GO

100

68

15%Pd – 5%Fe - 80%GO

100

86

Without the active component, Pd, no reaction occurred while using the Fe/G catalyst.
After increasing the Pd composition, recyclability and activity improved. When more Fe was
present, conversion decreased as shown by the 7% Pd - 13% Fe - 80% G where conversion rate
for the first run was only 93%. The conversion percent improved with equal compositions of Pd
and Fe for both runs. The 15% Pd - 5% Fe - 80% G catalyst proved to be the best catalyst for the
cross-coupling reaction which achieved 100% conversion for the first run and 86% conversion
for the second run—the highest out of all catalysts for both runs. This is actually consistent with
TEM images in Figure 8-8 as that catalyst showed the best dispersion among other catalysts.
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Figure 8-8-7 XRD Pattern of selected catalysts prepared by LVCC.

Figure 8-8 TEM images of (a) 20%Pd – 80%GO, (b) 7%Pd – 13%Fe - 80%GO, (c) 10%Pd
– 10%Fe - 80%GO, (d) 15%Pd – 5%Fe - 80%GO.
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Generally, the XRD pattern shown in Figure 8-7 clearly indicates that the product is
enriched with Fe3O4 and metal Pd (0). The palladium shows the typical sharp diffraction peak at
2θ = 40 ̊. The XRD patterns indicate that the products were all (Fe3O4) magnetite with reference
code (ICCD-00-003-0863). It is also easily to notice that the sharp diffraction peak at 2θ = 40 ̊
which is characteristic to palladium and also the characteristic peaks of Fe3O4 is shown as a
sharp diffraction peak at 2θ = 35 ̊. The very small broad peak around 2θ = 26 ̊ in Pd- Fe3O4 /G
sample could suggest the presence of a minor component of multilayer graphene. The diffraction
peaks (2θ) of Pd- Fe3O4 /G at 40, 46.8, and 68.2 are ascribed to the (111), (200), and (220)
planed of Pd NPs which are similar to pure palladium and also to the peaks of Pd- Fe3O4 as
shown.

8.5 Conclusions
The results indicate that LVCC is superior to other methods that often utilize toxic
chemicals for the full reduction of GO. FT-IR data shows the disappearance of GO
distinguishing O-H, C=O, C-O, C=C stretching indicating the formation of graphene. UV-Vis
data shows peaks red shifted from 230 nm to 280 nm, characteristic of GO reduction and
exfoliation. XPS data confirms Pdo and Fe+3 present at the surface of the catalyst after reduction.
The most effective magnetic catalyst synthesized was the 15% Pd- 5% Fe - 80% G. This result
can be attributed to the Pd composition being greater than that of the Fe enabling favorable
interactions between the Pd and G support increasing catalytic activity and reusability. The least
effective catalyst was the 20% Fe - 80% G due to the lack of active component. The effects of
manipulating the Pd-Fe/G composition and using different environments in the LVCC process
can be investigated further to improve catalysis in cross-coupling reactions.
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